AD-A122  200 


M0CEE0IN0S  OF  THE  INTERNATIONAL  STBROIIUN  ON  IHOCK 
TUBES  AFO  NAVES  ORTH.  ( U )  CAL  SPAN  ADVANCED  TECtfEOLORT 
CENTER  BUFFALO  NT  C  E  IREANOR  ET  Al .  SjL  Rt 
UNCLASSIFIED  AFOSR-TR-R2-IOOI  F4RR2BR I -C -0002  f/S  20/1 


a 


«c 


as 


/J 


UNCLASSIFIED _ _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Wtien  P«»«  Entered). 


REPORT  DOCUMENTATION  PAGE 

"ijoSR-TR.  32-1031  r;°v 


2.  GOVT  ACCESSION  NO. 


READ  INSTRUCTIONS 
_ BEFORE  COMPLETING  FORM 

3.  RECIPIENT'S  CATALOG  NUMBER 


Q.rlli'- 


4.  TITLE  (mtd  Subtitle) 

SHOCK  TUBES  AND  WAVES 


5.  TYPE  OF  REPORT  A  PERIOD  COVERED 

FINAL 

1  Oct  80  -  30  Sep  81 

6.  PERFORMING  ORG.  REPORT  NUMBER 


7.  authoro; 

CHARLES  E  TREANOR 
J  GORDON  HALL 


8.  CONTRACT  OR  GRANT  NUMBERfA) 

F 4  9  62  9—8 1—C— 0002 


9  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

CAL SPAN  CORPORATION 
ADVANCED  TECHNOLOGY  CENTER 
P  0  Box  400 

--BUFFALO,  NY  - 

H.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEAFCH/NA 
BOLLING  AFB,  DC  20332 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  8  WORK  UNIT  NUMBERS 


61102F 
2307 /A1 

12.  REPORT  DATE 


13.  NUMBER  OF  PAGES 


14.  MONITORING  AGENCY  NAME  A  ADDRESSflf  dltterent  Item  Controlling  Olfice)  IS.  SECURITY  CLASS,  (of  thte  report) 

UNCLASSIFIED 

ISa.  DECLASSIFICATION/ DOWNGRADING 
SCHEDULE 

16.  DISTRIBUTION  STATEMENT  ( ol  thle  Report) 

Approved  for  Public  Release;  Distribution  Unlimited. 


17.  DISTRIBUTION  STATEMENT  (ol  the  ebrlrecl  entered  In  Block  20,  It  dlllerent  from  Report) 


18.  SUPPLEMENTARY  NOTES 

Proceedings  of  the  13th  International  Symposium  on  Shock  Tubes  and  Waves, 
Niagara  Falls,  NY,  July  6-9,  1981. 


19.  KEY  WORDS  (Confinu*  on  rovorao  aid a  If  nacaaamry  and  idantlfy  by  block  numbmr ) 

SHOCK  WAVES  SHOCK  WAVE  STRUCTURE 

SHOCK  TUBES 

SHOCK  INDUCED  SEPARATION 
BLAST  WAVES 

CHEMICAL  KINETICS _ _ _ 

20.  ABSTRACT  (Continue  on  reveree  elde  II  neceeenry  end  Identllr  by  block  number) 

>  This  volume  contains  six  invited  papers  and  ninety  two  contributed  papers 
presented  at  the  XIII  International  Symposium  on  Shock  Tubes  and  Waves, 
which  was  held  in  Niagara  Falls,  NY,  July  6-9,  1981.  Professor  I  I  Glass 
of  the  University  of  Toronto  presented  the  Paul  Vieille  Memorial  Lecture. 

This  paper  and  five  other  invited  papers  form  Part  I  of  the  Proceedings. 

The  contributed  papers  are  presented  in  Parts  II  through  VII,  divided  accord¬ 
ing  to  subject  matter.  The  typical  broad  range  of  interests  associated  with 
shock  waves  is  demonstrated  in  both  the  invited  and  contributed  papers,  with  ■ 

DD  ,  j2n"t»  1473  EOITION  OF  1  MOV  .8  It  OBSOLETE  ACCTFTFTI 


UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  (When  Bote  Entered) 


-  UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  FAOEflWii  Dmtm  En  farad) 


subject  material  covering  viscous  aerodynamics,  explosions,  chemistry,  optics, 
and  energy-related  processes.  It  is  intended  that  this  volume  provide  an  up- to 
date  accounting  of  international  progress  in  these  fields  insofar  as  shock-wave 
phenomena  are  involved. 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  »»»  RAOEfNSan  Data  Bnlarad) 


COMPONENT  PART  NOTICE 


This  paper  is  a  COMPONENT  PART  of  the  following  COMPILATION  report: 


(TITLE): 

Proceedings  of  the  International  Symposium  on  Rhoolr  I'nhes  and 

Waves  filth),  Niagara.  Palls,  July  fi-Q,  1Q8l. 

PVr ;  • 

U  l  ; 

^  E  i  i  * 

(SOURCE): 

Buffalo,  NY  _ 

To  ORDER  THE  COMPLETE  COMPILATION  REPORT  USE  An-412?  onn 

A 

The  COMPONENT  PART  is  provided  here  to  allow  users  access  to  individually 

AUTHORED  SECTIONS  OF  PROCEEDINGS,  ANNALS,  SYMPOSIA,  ETC*  HOWEVER,  THE 

COMPONENT  should  be  considered  within  the  context  of  the  overall  COMPILATION 

REPORT  AND  NOT  AS  A  STAND-ALONE  TECHNICAL  REPORT. 

i  The  following  COMPONENT  PART  numbers  comprise  the  COMPILATION  report: 

AD#:  POOO  223  TITLE:  Review  of  Shock  Tube  and  Shock  Tunnel  Advancements  at 

NAL. 

Current  Studies  at  Calspan  Utilizing  Short-Duration 
Plow  Techniques. 

Shock-Induced  Plow  Separation  and  the  Orbiter  Thermal 
Protection  System. 

Chemical  Kinetics  Studied  by  Vacuum-UV  Spectroscopy 
in  Shock  Tubes. 

Blast  Waves  Generated  by  Accidental  Explosions. 

A  Shock  Tube  Driver  with  a  "Cyclone"  Separator. 

A  New,  Diaphragmless,  Flexible,  Luminous  Shock  Tube. 

A  Powder-Injection  Shock-Tube  Facility. 

The  Testing  in  BIA  Hypersonic  Gun  Tunnel.  _ 

An  Application  of  the  Molecular  Beam  Time-of-Flight 
Technique  to  Measurements  of  Thermal  Boundary  Layer 
Effects  on  Mass  Sampling  from  a  Shock  Tube. 

Measurement  of  Dynamic  Pressure  in  Shock  Tube  by 
Streak  Photography. 

Measurement  of  Temperatures  in  a  Shock  Tube  by  Coherent 
Antistrokes  Raman  Spectroscopy  (CARS). 

Temperature  Measurement  of  Detonation  Using  UV-Absorption 
of  02. 

A  Laser- Interferometric  Trajectory-Following  System 
for  Determining  Forces  on  Freely  Flying  Models  in  a 
Shock-Tunnel. 

Shock  Tube  Simulation  of  Pulsed  Flow  Aerodynamic  Windows. 
Velocity  Measurements  of  Incident  and  Reflected  Shock 
Waves  in  Various  Gases  and  in  Saturated  Water  Vapor. 
Investigation  of  the  Distortion  of  Shock-Fronts  in 
Real  Gases. 

Measurement  and  Calculation  of  Shock  Attenuation  in  a 
Channel  with  Perforated  Walls. 

High-Energy  Air  Shock  Study  in  a  Steel  Pipe. 

Optical  Studies  of  Shock  Generated  Transient  Supersonic 
Base  Flows. 


AD-POOO  22 1+ 

AD- POOO  225 

AD-POOO  226 

AD-POOO  227 
AD-POOO  228 
AD-POOO  229 
AD-POOO  230 
AD-POOO  231 
AD-POOO  232 


AD-POOO  233 
AD-POOO  234 
AD-POOO  235 
AD-POOO  236 


AD-POOO  237 
AD-POOO  238 

AD-POOO  239 

AD-POOO  2L0 

AD-POOO  21+1 
AD-POOO  242 


COMPONENT  PART  NOTICE  (con’t) 


ADfrsPOOO  2U3 
AD-POOO  2bh 
AD-POOO  21+5 
AD-POOO  21+6 

AD-POOO  21+7 
AD-POOO  21+8 
AD-POOO  21+9 
AD-POOO  250 
AD-POOO  251 
AD-POOO  252 
AD-POOO  253 

AD-POOO  251+ 
AD-POOO  255 
AD-POOO  256 

AD-POOO  257 

AD-POOO  258 

AD-POOO  259 
AD-POOO  260 

AD-POOO  261 

AD-POOO  262 
AD-POOO  263 

AD-POOO  261+ 

AD-POOO  265 

AD-POOO  266 
AD-POOO  267 
AD-POOO  268 

AD-POOO  269 

AD-POOO  270 


TITLE:  Amplification  of  Non-Linear  Standing  Waves  in  a 
Cylindrical  Cavity  with  Varying  Cross  Section. 

Cyclic  Wave  Action  in  the  Stable  Operation  of  a 
Hartmann-Sprenger  Tube. 

Some  Fundamental  Aspects  of  Shock  Wave  -  Turbulent 
Boundary  Interactions  in  Transonic  Flow. 

Heating-Rate  Measurements  over  30  deg  and  1+0  deg 
(Half-Angle)  Blunt  Cones  in  Air  and  Helium  in  the 
Langley  Expansion  Tube  Facility. 

Shock  Induced  Unsteady  Flat  Plate  Boundary  Layers 
and  Transitions. 

The  Boundary  Layer  Behind  a  Shock  Wave  Incident  on  a 
Leading  Edge. 

Real  Gas  and  Wall  Roughness  Effects  on  the  Bifurcation 
of  the  Shock  Reflected  from  the  End  Wall  of  a  Tube. 
Determination  of  Shock  Tube  Boundary  Layer  Parameter 
Utilizing  Flow  Marking. 

Stability  Limits  and  Transition  Tiroes  of  Wave-Induced 
Wall  Boundary  Layers. 

An  Accurate  Determination  of  the  Thermal  Conductivity 
of  Argon  at  High  Temperatures. 

Thermal  Conductivity  Measurement  in  High  Temperature 
Argon  by  the  Shock  Perturbation  and  Mach  Reflection 
Methods. 

Temperature  Measurements  of  an  Implosion  Focus. 
Boundary  Layer  Influenced  Shock  Structure. 

Influence  of  Surface  Roughness  on  the  Shock  Transition 
in  Quasi-St  at  ionary  and  Truly  Non-Stationary  Flows. 
Microscopic  Structure  of  the  Mach-Type  Reflection 
of  Weak  Shock  Waves. 

Weak  Spherical  Shock-Wave  Transitions  of  N-Waves 
in  Air  with  Vibrational  Excitation. 

Generation  of  the  Patterns  in  Gaseous  Detonations. 
Evolution  of  Shock-Induced  Pressure  on  a  Flat-Face/ 
Flat-Base  Body  and  Afterbody  Flow  Separation. 

Shock  Strength  Modification  for  Reduced  Heat  Transfer 
to  Lifting  Re-Qatry  Vehicles. 

Cylincrical  Resonators. 

Propagation  of  Shock  Waves  through  Nonuniform  and 
Random  Media. 

Shock  Wave  Diffraction  at  a  Sharp  Edge  and  the  Effect 
0 ^Baffles  in  a  Shock  Tube. 

Propagation  of  Two-Dimensional  Nonsteady  Detonation 
in  a  Channel  with  Backward-Facing  Step. 

The  Blast-Noise  Environment  of  Recoilless  Rifles. 
Shock-Excited  Emission  Spectrum  of  Tungsten  Oxide. 
Rotational  Nonequilibrium  Influences  in  CW  HF/DF 
Chemical  Lasers. 

High  Gain  CO  Chemical  Laser  Produced  in  a  Shock 
Tunnel. 

Shock/Ludwieg-Tube  Driven  HF  Laser. 


AD-POOO 

271 

AD-POOO 

272 

AD-POOO 

273 

AD-POOO 

27*4 

AD-POOO 

275 

AD-POOO 

276 

AD-POOO 

277 

AD-POOO 

278 

AD-POOO 

279 

AD-POOO 

280 

AD-POOO 

281 

AD-POOO 

282 

AD-POOO 

283 

AD-POOO 

28U 

AD-POOO 

285 

AD-POOO 

286 

AD-POOO 

287 

AD-POOO 

288 

AD-POOO 

289 

AD-POOO 

290 

AD-POOO 

291 

AD-POOO 

292 

AD-POOO 

293 

AD-POOO 

29U 

AD-POOO 

295 

AD-POOO 

296 

AD-POOO 

297 

AD-POOO 

298 

AD-POOO 

299 

TITLE:  Determination  of  Absorption  Coefficients  in  Shock  Heated 
Propellant  Mixtures  for  Laser-Heated  Rocket  Thrusters. 
Supersonic  Plow  E-Beam  Stabilized  Discharge  Excimer  Lasers. 
Fluid-Dynamical  Aspects  of  Laser-Metal  Interaction. 
Shockfronts  as  Model  Targets  in  Laser-Plasma  Interaction 
Experiments. 

Experimental  Study  on  the  Ionization  of  Argon  Gas  in  a 
Non-Equilibrium  State  Behind  Reflected  Shock  Waves. 

Studies  of  the  Vibrational  Relaxation  of  Diatomic  Molecules 
in  a  Shock  Heated  Molecular  Beam  and  Its  Application  to 
Ionization  by  Electron  Impact. 

Discharge  Plow/Shock  Tube  Studies  of  Singlet  Oxygen. 
Rotational  Relaxation  of  H2  in  Nozzle  Plow. 

Vibrational  Relaxation  of  Polyatomic  Molecules  in  Gas 
Mixtures. 

Vibrational  Relaxation  and  Dissociation  Rate  Measurements  in 
Polyatomic  Molecules. 

CO  +  0  Chemiluminescence:  Rate  Coefficient  and  Spectral 
Distribution. 

Resonance  Absorption  Measurements  of  Atom  Concentrations 
in  Reacting  Gas  Mixtures.  9*  Measurements  of  0  Atoms 
in  Oxidation  of  H2  and  D2. 

Direct  Measurements  of  0-Atom  Reactions  with  HCN  and  C2H2 
Behind  Shock  Waves. 

The  Effect  of  Minute  Quantities  of  Impurities  on  Shock 
Tube  Kinetics.  The  Reaction  H2  +  D2  Yields  2HD. 

Molecular  Beam  Technique  for  Recording  Chemical  Species 
Behind  Incident  Shock  Waves. 

Shock  Tube  Study  of  the  Thermal  Decomposition  of  Hydrogen 
Cyanide. 

Decomposition  of  Hydrogen  Azide  in  Shock  Waves. 

The  Relaxation  Zone  Behind  Normal  Shock  Waves  in  a  Reacting 
Dusty  Gas.  Part  1.  Monatomic  Gases. 

Shock  Wave  Structure  in  Gas-Particle  Mixtures  at  Low  Mach 
Numbers. 

Cross-Sectional  Concentration  of  Particles  during  Shock 
Process  Propagating  through  a  Gas-Particle  Mixture  in  a 
Shock  Tube. 

Motion  of  Small  Particles  in  a  Field  of  Oscillating  Shock 
Waves. 

Shock  Tube  Measurements  of  IR  Radiation  in  Hot  Gas/Farticle 
Mixtures. 

Study  of  Binary  Nucleation  in  a  Ludwieg  Tube. 

Investigations  of  Homogeneous  Nucleation  in  Fe,  Si,  Fe/Si, 
FeO(x),  and  SiO(x)  Vapors  and  Their  Subsequent  Condensation. 
Condensation  Kinetics  of  Iron  and  Silicon  in  the  Vapor 
Phase. 

Shock-Tube  Simulation  Experiment  of  Supersonic  Condensation 
Flow  Accompanying  a  Shock  Wave. 

Experiments  in  Shock  Liquefaction. 

Shock  Propagation  in  Liquid-Gas  Media. 

A  Comparison  of  Measured  and  Computed  Energy  Exchanger 
Performance. 


AD-POOO  300 
AD-POOO  301 

AD-POOO  302 
AD-POOO  303 
AD-POOO  301+ 
AD-POOO  305 

AD-POOO  306 

AD-POOO  307 
AD-POOO  308 

AD-POOO  309 
AD-POOO  310 

AD-POOO  311 

AD-POOO  312 

AD-POOO  313 

AD-POOO  31 h 


TITLE:  Plow  Fields  Produced  by  Pipeline  Explosions. 

Studies  on  Mechanical  and  Aerodynamical  Blast-Attenuation 
Devices. 

Response  of  a  Room  Subjected  to  Simulated  Sonic  Booms. 

Shock  Diffraction  Computations  over  Complex  Structures. 
Simulation  of  Blast  Fields  by  Hydraulic  Analogy. 

Fast  Pyrolysis  of  Pulverized  Lignite  in  a  Single-Pulse 
Shock-Tube. 

Short  Residence-Time  Pyrolysis  and  Oxidative  Pyrolysis  of 
Bituminous  Coals. 

Shock  Wave  Ignition  of  Pulverized  Coal. 

A  Study  on  the  Ignition  of  a  Fuel  Droplet  in  High  Temperature 
Statement  Gas. 

Shock  Initiated  in  Heptane-Oxygen-Argon  Mixtures. 

An  Experimental  and  Analytical  Investigation  of  High  Temperature 
Ignition  of  Ethanol. 

A  Study  on  the  Hydrogen-Oxygen  Diffusion  Flame  in  High 
Speed  Flow. 

Experimental  Investigation  of  Shock  Initiated  Methane-Combustion 
near  a  Wall. 

A  Single  Pulse  Shock  Tube  Study  of  Soot  Formation  from 
Benzene  Pyrolysis. 

Rates  and  Mechanisms  of  Formaldehyde  Pyrolysis  and  Oxidation. 


I 


%■ 


*****  ■  - 


BEYOND  THREE  DECADES  OF  CONTINUOUS  RESEARCH  AT  UTIAS 


ON  SHOCK  TUBES  AND  WAVES 

I.  I.  Glass 

Institute  for  Aerospace  Studies,  University  of  Toronto 
Toronto,  Canada 


Analytical  and  experimental  research  on  nonstationary 
shock  waves,  rarefaction  waves  and  contact  surfaces  has 
been  conducted  continuously  at  UTIAS  since  its  inception  in 
1948.  Some  unique  facilities  were  used  to  study  the  proper¬ 
ties  of  planar,  cylindrical  and  spherical  shock  waves  and 
their  interactions.  Investigations  were  also  performed  on 
shock-wave  structure  and  boundary  layers  in  ionizing  argon, 
water-vapour  condensation  in  rarefaction  waves,  magneto- 
gasdynamic  flows,  and  the  regions  of  regular  and  various 
types  of  Mach  reflections  of  oblique  shock  waves.  Explo¬ 
sively-driven  implosions  have  been  employed  as  drivers  for 
projectile  launchers  and  shock  tubes,  and  as  a  means  of 
producing  industrial-type  diamonds  from  graphite,  and  fusion 
plasmas  in  deuterium.  The  effects  of  sonic-boom  on  humans, 
animals  and  structures  have  also  formed  an  important  part  of 
the  investigations.  More  recently,  interest  has  focussed  on 
shock  waves  in  dusty  gases,  the  viscous  and  vibrational 
structure  of  weak  spherical  blast  waves  in  air,  and  oblique 
shock-wave  reflections.  In  all  of  these  studies  instrumen¬ 
tation  and  computational  methods  have  played  a  very  impor¬ 
tant  role.  A  brief  survey  of  this  work  is  given  with  some 
perspectives  on  future  research. 


1.  INTRODUCTION 

The  actual  research  on  shock  tubes  and  supersonic  wind  tunnels  was  initi¬ 
ated  by  Dr.  G.  N.  Patterson  when  he  envisioned  and  planned  the  then  Institute 
of  Aerophysics  in  1948,  even  though  it  was  not  actually  available  until  1949, 
and  opened  officially  in  1950  [1].  He  became  its  Founder  and  first  Director. 
His  first  three  students  in  the  shock-tube  field,  Bitondo  [2,3,4],  Glass  [3,5] 
and  Lobb  [2,6,7],  were  initially  guided  by  his  analysis  of  shock-tube  flows 
[8]  for  the  design  of  their  facilities  and  appropriate  experiments. 

Since  this  survey  is  confined  to  nonstationary  flows,  it  will  not  be 
possible  to  include  references  to  many  other  gasdynamic  flows  which  were  stud¬ 
ied  then  and  subsequently  throughout  the  decades  by  members  of  the  staff  and 
students  alike.  Dr.  Patterson's  interests  later  centred  on  kinetic  theory  [9, 
10],  and  when  I  obtained  my  Ph.D,  in  1950,  I  assumed  responsibility  for  re¬ 
search  and  development  in  nonstationary  flows.  The  present  survey  then  deals 
with  the  analytical,  numerical  and  experimental  studies  in  this  field  from 
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1948  until  the  present  day. 

It  should  be  noted  at  the  outset  that  this  survey  is  not  meant  to  be  ex¬ 
haustive  as  far  as  references  are  concerned  or  in  the  details  of  the  various 
researches.  Here  and  there  a  reference  from  sources  other  than  UTIAS  will  be 
called  up  to  assist  the  reader.  Consequently,  I  hope  that  many  authors  will 
forgive  me  if  their  names  do  not  appear,  and  the  readers  for  the  brevity  of 
this  presentation.  The  choice  had  to  be  arbitrary  in  order  to  fit  the  limita¬ 
tions  of  this  review. 

2.  THE  FIRST  DECADE,  1948-1958 

Analytical  and  experimental  work  in  this  decade  centred  mainly  on  one¬ 
dimensional  flows  in  shock  tubes  induced  by  shock  waves  and  rarefaction  waves. 
The  various  interactions  of  these  waves  as  well  as  those  with  contact  surfaces 
were  also  of  considerable  interest.  As  shown  in  Figs.  1  to  4,  it  was  soon 
realized  that  the  diaphragm-breaking  process  was  far  from  ideal  [2,7,11].  This 
had  a  serious  effect  on  the  flow  quality  behind  the  contact  region  (Figs.  1-4), 
which  originated  in  tne  driver  section  of  the  shock  tube,  and  was  disturbed 
and  made  turbulent  by  the  remaining  jagged  edges  of  the  diaphragm.  Consequent¬ 
ly,  the  predicted  high  Mach  number  in  this  cold  gas  was  not  achieved  [6,12]. 

On  the  other  hand,  the  flow  Mach  number  in  the  region  compressed  by  the  shock 
wave  in  the  channel  was  in  quite  satisfactory  agreement  with  analysis  at  the 
lower  shock  strengths  [7,12]. 

As  for  the  velocity  of  the  shock  wave,  it  was  soon  found  that  it  attenuated 
[11,12,13]  with  distance  from  the  diaphragm,  increasing  shock  Mach  number,  and 
lowered  channel  pressures  for  a  given  shock-tube  cross-section  (Fig.  5).  The 
attenuation  increased  with  decreasing  cross-sectional  area.  Some  early  analy¬ 
ses  [14,15,16]  showed  that  the  sidewall  boundary  layers  (Fig.  6)  induced  by 
the  shock  wave  and  rarefaction  wave  were  responsible  for  the  shock-wave  attenu¬ 
ation.  In  addition,  the  boundary  layer  caused  the  contact  surface  to  acceler¬ 
ate  [11]  (Fig.  7)  so  that  the  testing  time  in  the  hot  region  was  limited  and 
it  was  not  possible  to  increase  it  by  going  to  a  longer  channel,  as  inviscid 
analysis  predicted.  This  situation  also  caused  flow  gradients  in  the  hot  re¬ 
gion,  which  meant  that  gasdynamicists,  physicists,  and  chemists  had  to  take 
these  deviations  into  account  in  analysing  their  test  results  for  perfect  and 
imperfect  gases  with  vibrational,  dissociational  or  ionizational  excitations. 

Subsequently,  the  shock  tube  became  one  of  the  most  versatile  and  econom¬ 
ical  test  facilities  for  universities,  government,  and  commercial  institutions 
alike.  It  soon  evolved  into  several  hybrids  of  shock  tunnels,  expansion  tubes 
and  multidiaphragm  shock  tubes  designed  to  provide  high-stagnation  temperature 
and  high-Mach  number  test  conditions  useful  for  re-entry  heat-shield  design  of 
space  capsules  which  were  then  under  development. 

At  UTIAS  however,  some  emphasis  was  placed  on  wave  interactions  such  as 
the  refraction  of  a  shock  wave  at  a  contact  surface  [3,4,17]  and  through  a  gas 
layer  (Fig.  8).  This  work  also  showed  that  a  shock  wave  may  be  tailored 
through  refraction  such  that  only  a  Mach  wave  is  reflected  from  the  contact 
surface.  This  idea  led  to  the  reflected  shock  wave,  tailored- interface,  shock- 
tunnel  operation,  thereby  providing  a  constant-pressure  high-enthalpy  reservoir 
of  gas  for  expansion  through  supersonic  or  hypersonic  nozzles  [18,19]  (Fig.  9). 
It  was  also  surmised  that  a  layer  of  gas,  such  as  hydrogen  or  helium,  might 
provide  a  protective  barrier  for  attenuating  blast  waves.  However,  it  was  soon 
noted  that  the  subsequent  overtaking  of  the  transmitted  shock  wave  by  the  re¬ 
fracted  shock  wave  would  quickly  diminish  the  attenuation  [17,20]  and  increase 
the  pressure  ratio  across  the  transmitted  wave  to  nearly  the  original  shock 
strength  incident  on  the  layer  of  helium. 

It  is  worth  noting  that  the  overtaking  of  two  shock  waves  provides  the 
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ideal  shock-tube  problem  after  their  interaction,  that  is,  a  shock  wave  and  a 
centred  rarefaction  wave  which  are  separated  by  a  perfect  contact  surface  (Fig. 
8) .  A  near-perfect  shock-tube  problem  can  also  appear  at  the  refraction  of  a 
shock  wave  at  an  air/helium  interface,  as  shown  in  Fig.  8,  with  a  very  well 
defined  centred  rarefaction  wave.  Breaking  a  diaphragm  in  a  shock  tube  does 
not  produce  a  centred  wave.  The  tail  of  the  wave  is  usually  obscured  in 
schlieren  or  shadow  photographs,  showing  that  sharp  gradients  are  absent  (Fig. 
2).  However,  the  head  of  the  wave  is  always  visible  and  provides  a  gasdynamic 
means  of  measuring  very  accurately  the  speed  of  sound  in  gases  [21a],  It  is 
worth  noting  that  only  the  equilibrium  sound  speeds  were  measured  from  the 
first  characteristic  line,  even  in  C02-carbon  dioxide  [21b],  and  SFg-sulfur- 
hexafluoride  [21c] ,  as  it  was  not  possible  to  produce  an  ideal  centred  wave 
where  the  frozen  precursor  might  have  been  observed  [see  52a]  near  the  origin. 

Additional  interactions  were  studied,  such  as  the  head-on  collision  of 
shock  waves  [22]  and  of  shock  and  rarefaction  waves  [22,23].  In  the  former 
case,  again  a  perfect  contact  surface  is  formed  (Fig.  10).  The  head-on  colli¬ 
sion  of  two  shock  waves  also  provides  a  means  of  studying  reflected  shock 
waves  without  wall-effects  by  using  two  shock  waves  of  equal  strength.  Very 
high  temperatures  with  real-gas  effects  can  be  obtained  in  this  manner.  If  a 
wall  is  used  for  reflection,  the  tailored-interface  technique  mentioned  above 
can  be  used  to  provide  a  gas  with  very  high  escape  speed,  which  is  also  useful 
for  molecular-beam  studies. 

One-dimensional  refractions  of  rarefaction  waves  at  contact  surfaces  [24, 
25]  were  also  investigated  analytically  and  experimentally  using  hot-wire 
anemometry  and  piezo-pressure  gauges.  This  study  showed  that  rarefaction-wave 
profiles  did  not  agree  with  one-dimensional  theory  and  were  very  much  weaker 
than  predicted  for  a  given  diaphragm  pressure  ratio,  especially  for  stronger 
waves  [25],  The  so-called  Riemann  invariants  were  also  not  satisfied  [12]. 
Nevertheless,  the  rarefaction  waves  as  produced  agreed  reasonably  well  with 
the  refraction  analysis.  It  can  be  stated  that  the  various  one-dimensional 
wave  interactions  studied  analytically  were  verified  by  experiment.  However, 
in  the  case  of  strong  shock  waves,  real-gas  effects  had  to  be  considered  to 
improve  the  agreement  with  analysis  [22,12], 

With  the  construction  of  a  23-cm  diameter  field  of  view  Mach-Zehnder  inter¬ 
ferometer  [26],  many  worthwhile  problems  could  now  be  investigated  where  quan¬ 
titative  density  distributions  were  important  for  an  understanding  of  the  flows 
involved.  This  made  it  possible  to  study  the  transition  through  a  contact 
front  developed  in  a  supersonic  nozzle  [27],  It  was  shown  that  it  had  a  den¬ 
sity  profile  resembling  a  shock-wave  transition.  The  spiral  vortex  [28]  pro¬ 
duced  by  the  diffraction  of  a  plane  shock  wave  over  a  sharp  plate  was  another 
interesting  problem  for  optical  study  (Fig.  11),  especially  with  the  interfero¬ 
meter.  It  has  since  been  investigated  by  other  researchers  in  greater  detail. 
The  interactions  of  plane  shock  waves  with  plane  wire  screens  [29]  and  plane 
and  oblique  perforated  plates  [30,31]  was  also  a  fruitful  area  of  interest 
(Figs.  12-14).  Transmitted  and  reflected  shock  waves  were  formed  which  were 
separated  by  the  screen  or  plate  and  a  contact  region.  If  the  flow  through 
the  screen  or  plate  was  choked  then  a  second,  upstream-facing,  shock  wave  was 
formed  near  the  screen  or  plate  s  milar  to  the  flow  development  in  a  nozzle 
(Fig.  9).  Since  the  .reen  or  .forated  plate  produces  a  new  transmitted 
shock  wave  and  contact  ’.on  it  is  possible  to  obtain  density  and  pressure 
measurements  behind  the  -ow  shock  wave  from  measurements  of  the  shock  speed 
and  contact  surface  speed  in  the  (x,t) -plane,  using  a  rotating  drum  camera. 

This  method  is  useful  for  perfect  gases.  However,  for  real  gases,  neither 
the  pressure  nor  particle  velocity  is  very  sensitive  to  changes  in  initial 
pressure  for  a  given  shock  speed.  Consequently,  this  is  not  a  precise  method 
of  measuring  real-gas  properties  behind  strong  shock  waves.  There  is  little 
doubt  that  direct  measurements  of  pressure,  density,  and  temperature  are 
required  in  such  cases. 
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The  interaction  of  a  plane  strong  shock  wave  with  a  steady  magnetic  field 
[32]  is  not  unlike  the  interaction  with  a  wire  screen.  If  argon  is  used  as 
the  test  gas  for  example,  then  it  ionizes  and  the  axial  components  of  the 
ponderomotive  force  produced  on  the  gas  when  it  interacts  with  the  magnetic 
field  also  gives  rise  to  a  transmitted  and  reflected  shock  separated  by  a 
contact  surface.  A  secondary  upstream-facing  rarefaction  wave  can  also  occur. 
The  wave  systems  are  limited  by  the  initial  conditions  such  that  all  waves  may 
not  always  occur.  A  current  flow  is  also  produced  at  right  angles  to  the  flow 
velocity  and  magnetic  field  vectors.  In  essence,  this  is  the  principle  of  all 
magnetogasdynamic  electric-power  generators. 

It  is  also  worth  noting  that  some  theoretical  work  on  various  aspects  of 
the  collision  and  penetration  of  two  rarefaction  waves  [33] ,  and  the  overtaking 
of  shock  waves  by  rarefaction  waves  [34],  and  vice  versa  [35],  was  also  com¬ 
pleted.  Although  these  are  interesting  problems,  they  were  not  investigated 
experimentally.  In  the  case  of  the  overtaking  problems,  simplifying  assump¬ 
tions  were  made  by  neglecting  secondary  characteristics  resulting  from  the 
interaction.  This  would  limit  the  analyses  to  weak  rarefaction  waves. 

It  may  be  concluded  that  the  studies  of  diaphragm  rupture,  the  actual  wave 
system  in  a  shock  tube,  the  effects  of  sidewall  boundary  layers,  various  types 
of  wave  interactions  or  shock-wave  collisions  with  screens,  perforated  plates 
or  magnetic  fields  have  taught  us  a  great  deal  about  one-dimensional  nonsta¬ 
tionary  flows  in  shock  tubes.  The  agreement  with  analyses  has  been  quite 
satisfactory  by  and  large.  Researchers  using  such  facilities  can  apply  correc¬ 
tions  to  deviating  flows,  whether  they  be  due  to  inviscid,  viscous,  or  real- 
gas  effects.  However,  there  are  still  untested  analyses  that  require  experi¬ 
mental  verification.  In  addition,  there  are  unanswered  questions  about  actual 
flows  in  rarefaction  waves,  in  the  cold-flow  region,  and  the  entire  flow 
profiles  from  the  head  of  the  rarefaction  wave  to  the  shock  wave  as  functions 
of  time.  Undoubtedly  numerical  methods  could  help  in  answering  some  of  these 
questions  supported  by  better  experimental  data.  However,  researchers  probably 
have  more  interesting,  pressing  and  challenging  current  problems  to  solve  and 
would  not  be  interested  in  the  academic  resolutions  of  old  problems;  yet  this 
is  not  always  the  case,  as  some  recent  references  indicate.  A  few  examples 
will  be  of  interest,  such  as  the  use  of  the  shock  tube  for  transonic- flow 
testing  of  airfoils  at  high  Reynolds  numbers  [36],  the  collision  of  shock  waves 
with  screens  and  honeycombs  [37],  inviscid-flow  and  viscous  boundary- layer 
interactions  [38],  and  properties  of  rarefaction  waves  and  compression  waves 
[39a]  and  their  induced  boundary- layer  flows  [39b],  Many  additional  examples 
can  be  found  in  journals  and  Proceedings  of  the  recent  Shock  Tube  Symposia. 

3.  TOE  SECOND  DECADE,  1958-1968 

This  period  is  marked  by  the  extension  of  the  investigations  to  spherical 
and  cylindrical -shock  and  blast-wave  phenomena  in  gases  and  underwater.  (It 
should  be  noted  that  a  fairly  complete  picture  of  what  was  known  during  this 
period  about  planar  flows  was  summarized  in  the  portion  of  the  Handbook  of 
Supersonic  Aerodynamics  on  Shock  Tubes  [12],  which  was  published  in  1959.  It 
soon  became  out  of  print.  However,  photocopies  were  to  be  found  in  many  labor¬ 
atories  worldwide  and  to  this  day,  for  example,  on  a  visit  to  China  in  1980, 
it  was  ironic  to  hear  it  considered  as  the  "bible"  for  shock-tube  research  — 
the  term  being  used  by  older  researchers  trained  in  the  West.)  Rather  simple- 
type  glass  diaphragms  were  utilized  for  this  purpose.  Nevertheless,  the  glass 
spheres  had  to  be  blown  carefully  by  an  expert  glass  blower.  The  cylindrical 
diaphragms  had  optical  quality  glass  discs  welded  to  both  ends.  The  assembly 
was  held  between  two  glass  plates  to  ensure  cylindrical  flow  without  end- 
effects  [40], 

Our  first  venture  was  to  study  the  wave  system  generated  by  an  exploding 
pressurized  glass  sphere  [41],  It  proved  to  be  a  very  fruitful  avenue  of 
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research.  Wave-speed  schlieren  records  of  the  radius-time  (r,t)-plane  (Fig. 

IS)  soon  showed  some  remarkable  differences  with  planar  shock-tube  flows  and 
also  similarities.  The  glass  diaphragm-breaking  process  was  similar  to  that 
of  other  diaphragm  materials  used  in  a  shock  tube.  Namely,  the  high-pressure 
driver-gas  was  made  eddying  and  turbulent  by  the  glass  fragments.  Nevertheless, 
the  blast  wave  soon  became  spherically  symmetrical  despite  the  protuberances  in 
the  contact  front  (Fig.  16).  As  predicted  by  analysis  [42,43]  the  shock  wave 
and  the  contact  front  decelerated  and  the  rarefaction  wave  head  moved  at  the 
constant  sound  speed.  In  addition,  it  was  clearly  shown,  for  the  first  time, 
how  the  second  shock  wave,  formed  at  the  tail  of  the  rarefaction  wave,  imploded 
on  the  origin  and  reflected.  Although  the  reflected  implosion  could  be  seen  as 
a  second  shock  following  the  main  blast  wave  after  the  contact  front  in  chemi¬ 
cal  explosions,  the  implosion  phase  was  always  obscured  by  the  dense  gases. 
Similar  results  were  obtained  for  cylindrical  explosions  [44]  (Fig.  17). 

Additional  interesting  applications  involved  the  collision  of  spherical 
shock  waves  (Figs.  18,19)  [45]  and  underwater  explosions  (Fig.  20).  Unfortu¬ 
nately,  glass  diaphragms  have  a  limited  pressure  range  in  which  they  can  be 
broken.  Consequently,  it  was  not  possible  to  study  the  spherical  shock-wave 
collision  problem  experimentally  over  an  adequate  range.  The  underwater  ex¬ 
plosions  were  more  successful  from  an  analytical  viewoint.  It  was  necessary 
to  solve  the  hydrodynamic  shock-tube  problem  [46]  in  order  to  apply  the  appro¬ 
priate  boundary  conditions  at  the  moment  of  rupture  and  then  continue  with  the 
analysis.  The  agreement  of  the  experiments  with  this  analysis  was  very  satis¬ 
factory  [47]. 

Simultaneous  with  the  foregoing  studies,  the  groundwork  was  being  laid  for 
a  number  of  important  analytical  and  experimental  investigations.  The  concept 
of  using  explosive-driven  implosions  as  drivers  for  shock  tubes  and  hyper¬ 
velocity  projectile  launchers  was  taking  shape  [48-50],  Some  of  the  analytical 
work  was  also  being  done  during  this  period  on  the  nonequilibrium  expansion 
flows  of  dissociating  and  ionizing  argon  around  a  sharp  comer  [51,52],  This 
was  in  preparation  for  conducting  several  investigations  on  real-gas  effects 
in  the  very  excellent  new  shock- tube  facility  designed,  instrumented  and  tested 
for  this  purpose  [53],  Concurrently,  investigations  were  performed  on  magneto¬ 
hydrodynamic  flow  in  the  boundary  layer  of  a  shock  tube  [54] ;  in  a  hypersonic 
shock-tunnel  test-section  (generously  donated  by  the  Cornell  Aeronautical 
Laboratory,  Buffalo)  which  was  coupled  to  an  existing  UTIAS  shock  tube  [55,56]; 
and  an  initial  ionization  process  in  strong  shock  waves  produced  in  hydrogen 
and  helium  in  a  unique  electromagnetic-driven  implosion  shock  tube  [57], 

It  is  of  interest  to  look  at  some  of  the  above  projects  in  more  detail. 

The  explosive-driven- implosion  research  and  development  is  of  particular  im¬ 
portance  as  it  has  continued  until  the  present  day.  It  was  not  only  necessary 
to  understand  the  spherical  combustion  and  detonation  processes  [50],  but  also 
to  develop  a  means  of  instantly  and  simultaneously  detonating  an  explosive 
hemispherical  shell  in  a  safe  and  reusable  facility.  Some  consultation  with 
U.S.  and  Canadian  explosive- research  laboratories  made  it  clear  that  the 
current  thinking  was  that  it  was  not  possible  to  detonate  a  solid  explosive 
with  a  gaseous  detonation  wave.  However,  we  felt  that  not  enough  was  known 
then  (nor  is  it  known  now)  about  the  physical  processes  involved  in  the  micro¬ 
second  regime  during  the  initiation  of  a  solid  explosive  and  therefore  the 
advice  from  experts  was  put  aside.  A  small  one-dimensional  facility  was  built 
to  test  the  initiation  of  solid  explosives  by  gaseous  detonation  waves  [58], 
Many  explosives  were  tried  (including  some  dangerous  ones,  like  lead  azide;  I 
am  grateful  to  Dr.  R.  E.  Duff  for  persuading  me  by  telephone  to  immediately 
desist  from  using  such  unpredictable  and  hazardous  materials)  and  PETN  was 
found  to  be  an  excellent  safe  secondary-explosive  to  be  used  for  making  hemi¬ 
spherical  shells  of  explosives  to  be  detonated  by  the  gaseous  detonation  wave 
in  stoichiometric  hydrogen-oxygen  mixtures  in  the  reusable  hemispherical  driver 
[59],  The  implosion  on  reflection  at  the  geometric  centre  produced  a  hot  high- 
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pressure  plasma  useful  for  driving  projectiles,  intense  shock  waves,  the  crea¬ 
tion  of  diamonds  from  graphite  and  producing  fusion  plasmas  in  deuterium.  This 
work  will  be  discussed  subsequently  in  more  detail. 

The  explosive-driven  implosion  chamber  used  as  a  driver  for  projectiles  and 
shock  tubes  is  shown  in  Fig.  21.  A  great  deal  of  analytical,  design  and  exper¬ 
imental  work  was  done  to  predict  and  verify  its  performance  [60-65] .  Although 
plans  were  made  to  build  a  much  larger  launcher  (from  a  S  mm  barrel  to  a  25  mm 
barrel;  from  a  100-mm  radius  hemispherical  cavity  to  a  300-mm  radius  cavity; 
from  a  few  hundred-gram  PETN-shell  to  one  of  many  kilograms),  it  was  soon  found 
on  the  smaller-scale  model  that  there  were  no  projectile  materials  available 
that  could  withstand  the  enormous  plasma  base-pressures  and  temperatures  devel¬ 
oped  after  reflection  of  an  implosion.  Consequently,  even  though  very  high 
velocities  (20  km/s)  were  predicted  analytically,  no  more  than  5.4  km/s  was 
actually  obtained  for  an  8-mm  dia  lexan  projectile  weighing  0.36g  [66].  It  is 
possible  that  such  problems  would  not  have  existed  on  the  projected  full-scale 
launcher.  Nevertheless,  the  very  high  cost  of  producing  such  a  large  facility, 
coupled  with  several  uncertainties  such  as  projectile  integrity,  the  large 
amounts  of  explosive  to  be  used,  consistent  focussing  of  the  implosions  and 
safety  aspects  associated  with  a  facility  of  this  size  discouraged  its  con¬ 
struction. 

It  is  also  worth  noting  that  an  alternative  scheme  for  producing  explosive- 
driven  implosions  was  tried  by  directly  initiating  a  S-mm  thick  sheet  explo¬ 
sive  hemispherical  shell  by  using  91  explosive  detonators.  This  meant  that 
all  detonators  had  to  fire  within  a  jitter  of  two  or  three  microseconds  —  a 
formidable  task.  The  method  did  not  prove  successful  and  had  to  be  abandoned 
[67]. 

In  order  to  prepare  for  the  interferometric  studies  of  nonequilibrium 
comer-expansion  flows  of  dissociating  oxygen  and  nitrogen,  as  well  as  ionizing 
argon,  it  became  necessary  to  determine  the  refractivities  of  the  component 
gases  in  the  mixtures  [68-70],  This  was  done  successfully  with  considerable 
accuracy  in  the  10cm  x  18cm  hypervelocity  shock  tube  by  means  of  the  23-cm  dia 
Mach-Zehnder  interferometer.  Additional  analytical  work  was  also  done  on  such 
flows  with  coupled  vibrational-dissociational  nonequilibrium  [71].  An  initial 
investigation  on  dissociating- oxygen  comer-flow  did  not  prove  to  be  definitive 
in  its  comparison  with  analysis  [72]  and  therefore  would  require  additional 
study. 

Some  preliminary  research  was  also  done  on  oblique  shock-wave  reflections 
at  a  sharp  compressive  comer  and  shock-wave  diffraction  over  a  sharp  expansive 
corner  [73],  In  subsequent  years  this  area  of  investigation  was  to  lead  to 
some  important  studies  with  significant  results. 

Interest  was  also  aroused  by  the  possibility  of  flying  a  micrometeoroid- 
impact  gauge  designed  by  NASA  on  one  of  NASA's  or  Canada's  rocket  experiments. 
This  area  of  research  was  at  that  time  of  much  importance.  The  safety  of 
astronauts  and  spacecraft  under  bombardment  from  micrometeoroid  particles 
travelling  at  the  escape  velocity  from  earth  (11  km/s)  up  to  the  escape  velo¬ 
city  from  the  solar  system  (73  km/s)  was  still  an  unsettled  question.  The 
gauge  was  calibrated  by  dropping  glass  microspheres  under  gravity  and  in  a 
shock-tube  flow  [74]  seeded  with  the  same  glass  spheres  as  well  as  one-micron 
particles  charged  electrostatically  [75]  and  accelerated  to  7  km/s  at  the  NASA 
Goddard  Space  Flight  Center.  This  gauge  was  not  flown  on  one  of  the  rocket 
experiments  owing  to  lack  of  funds  and  personnel. 

4.  THE  THIRD  DECADE,  1968-1978 

This  decade  is  marked  by  efforts  to  experimentally  observe  (Fig.  22)  and 
measure  actual  and  physical  properties  [76]  of  the  focus  of  combustion  and 
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explosive-driven  implosions  and  to  compare  them  with  analytical  predictions 
[77],  Temperatures  were  measured  spectroscopically  for  combustion  runs  only 
[76],  and  projectile  base-pressures  were  inferred  from  microwave  measurements 
of  the  projectile  velocity  in  the  launcher  barrel  [78],  Spectroscopic  temper¬ 
ature  and  pressure  measurements  [79,80]  were  reasonably  successful  and  were 
improved  on  subsequently. 

An  important  step  was  taken  to  apply  the  explosive-driven  implosions  as 
drivers  for  shock  tubes  [81].  A  25-mm  shock-tube  channel  was  used  instead  of 
a  launcher  barrel  [82].  This  proved  to  be  a  very  worthwhile  method  of  produc¬ 
ing  very  strong  shock  waves  (20  km/s)  in  air  [83]  (Fig.  23).  It  also  led  to 
the  explanation  of  some  anomalous  radiation  effects  in  the  shock  fronts  [84] 
(Fig.  24),  which  until  then  defied  a  reasonably  physical  interpretation.  (One 
of  the  reviewers  of  our  paper  in  complimenting  our  work  noted  that  this  proper 
explanation  had  waited  for  several  years  and  urged  us  to  change  our  research 
note  to  a  full  paper.)  Although  this  was  a  very  useful  driver,  far  more  im¬ 
pressive  electrical  drivers  were  developed  at  JPL  [85]  and  NASA  Ames  [86]. 

This  made  it  possible  to  obtain  at  JPL  shock -wave  velocities  of  45  km/s,  with 
little  attenuation  in  a  IS  cm  dia  channel  with  a  4  us  test-time.  Concurrently, 
an  explosive  (Voitenko)  driver  developed  at  NASA  Ames  [87],  using  30  kg  of 
explosive  (about  300-fold  greater  than  the  explosive-driven  implosion  shock 
tube  at  UTIAS)  yielded  velocities  of  70-67  km/s  in  a  3cm  x  3.1m  long  glass 
tube  over  a  distance  of  1  meter  in  one  of  the  runs  (about  3-fold  greater  than 
at  UTIAS).  These  experiments  had  to  be  done  at  the  Lawrence  Radiation  Labora¬ 
tory  explosive  test  site,  where  the  facility  was  destroyed  after  each  run 
(except  for  the  instrumentation) .  This  is  probably  the  highest  shock -wave 
velocity  obtained,  with  a  modest  attenuation,  and  some  test  time  useful  for 
Jovian  entry  studies.  It  should  be  noted  that  all  of  these  facilities  used 
very  low  (0.05  torr  'v  2  torr)  channel  gas  pressures. 

Another  very  important  application  of  the  UTIAS  Explosive-Driven  Implosion 
Driver  was  in  the  production  of  synthetic  diamonds  from  graphite.  By  placing 
graphite  in  a  steel  capsule  and  exposing  it  to  a  focussed- implosion  and  its 
reflection,  thereby  generating  enormous  pressures  (megabar  range)  and  temper¬ 
atures  (millions  of  degrees),  the  attenuated  transmitted  shock-wave  pressures 
and  temperatures  were  sufficient  to  create  the  phase  transition.  Industrial- 
type  diamonds  of  10-20  urn  were  produced  with  a  yield  of  about  5-10%  of  the 
original  graphite  [88],  Although  such  diamonds  had  been  produced  statically 
and  dynamically  before,  this  technique  was  quite  novel  and  promising  for  the 
manufacture  of  new  materials  and  in  the  application  to  problems  in  solid-state 
physics. 

The  process  was  transferred  to  3M  Canada  Ltd.,  as  it  was  felt  that  it  could 
best  be  developed  by  an  industrial  firm  with  much  experience  in  related  areas. 
As  a  result  a  fairly  large  group  was  set  up  by  3M  at  UTIAS  to  further  develop 
and  extend  the  work  on  the  production  of  industrial  diamonds.  The  success  of 
this  initial  work  (diamonds  were  produced  in  the  first  experiment)  [88],  led 
to  the  concept  of  using  the  explosive-driven  implosions  to  produce  fusion 
plasmas  and  neutrons  from  deuterium-deuterium  reactions.  Further  consideration 
will  be  given  to  the  implosion  research  in  the  final  section. 

This  period  was  also  productive  in  analytical  and  experimental  studies  of 
ionizing-argon  flows.  Definitive  interferometric  investigations  were  made  of 
the  shock  structure  of  ionizing  argon  and  krypton  at  nominal  shock  Mach  numbers 
of  13  and  16  [70,89,90].  It  was  found  that  the  shock  wave  developed  nonsta¬ 
tionary  oscillations  (Fig.  25)  at  the  higher  Mach  numbers  (>  14).  The  oscilla¬ 
tions  were  easily  removed  by  adding  small  amounts  of  hydrogen  (y  0.5%  of  the 
initial  pressure),  with  the  consequent  reduction  of  the  overall  transition 
length  to  about  one- third  of  its  pure-gas  value.  The  total  plasma  density  and 
electron-density  profiles  for  pure  argon  (Fig.  26)  and  with  small  amounts  of 
hydrogen  added  as  an  impurity,  agreed  well  with  analysis.  Two  questions 
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remain  unanswered  to  this  day:  precisely  why  only  a  hydrogen  impurity  removes 
the  oscillations  and  why  the  electron  cascade-front,  where  equilibrium  ioniza¬ 
tion  occurs,  moves  towards  the  translational  front  as  it  approaches  the  wall 
(Fig.  27) .  Some  analytical  work  has  recently  appeared,  which  attempts  to 
explain  this  phenomenon  [91]. 

At  the  same  time  the  laminar  shock-tube  wall-boundary  layer  (Fig.  28)  and 
the  flat-plate  boundary- layer  flow  (Fig.  29)  in  the  quasi-steady  region  was 
studied  in  ionizing  argon  analytically  and  interferometrically  for  the  same 
shock  Mach  numbers  as  the  shock  structure  [92-95].  (It  is  worth  noting  that  a 
wall-boundary- layer  study  at  low  shock  Mach  numbers  in  air  had  been  done  many 
years  earlier  [96]  using  the  same  Mach-Zehnder  interferometer  with  a  smaller 
rectangular  shock  tube.)  It  was  shown  that  the  wall  boundary  layer  had  a 
profound  effect  on  the  shock  structure.  The  smaller  the  tube  hydraulic-diam¬ 
eter  the  thinner  was  the  shock  structure  (Fig.  30).  This  result  is  of  impor¬ 
tance  when  comparing  experimentally-measured  shock  structure  with  analysis. 

The  properties  of  both  types  of  boundary  layers  were  compared  analytically  and 
experimentally.  There  certainly  are  differences  between  them.  A  difficulty 
with  any  experimental  technique  is  to  probe  the  boundary  layer  near  the  wall. 
Nevertheless,  total  plasma  density  and  electron-number  densities  were  obtained 
up  to  0.1  mm  from  the  wall.  The  shock-structure  wall-boundary-layer  inter¬ 
action  did  not  appear  to  affect  the  flat-plate  boundary  layer  too  much  at 
lower  shock  Mach  numbers  ('v  13) .  However  at  higher  Mach  numbers  ('v  16)  radia¬ 
tion  losses  induced  nonuniformities  at  a  given  test-section  station  [95] . 
Additional  analysis  should  be  done  on  this  aspect  of  the  investigation. 

Another  important  area  of  ionizing- argon  flows  was  the  investigation  of  a 
quasi-steady  comer- expansion  [97].  The  results  agreed  reasonably  well  with 
an  earlier  analysis  [52c],  which  was  later  extended  to  include  radiation 
losses  [98].  Apparently,  radiation  losses  were  not  too  important  at  the  lower 
shock  Mach  numbers  (where  the  experimental  data  was  obtained)  to  affect  the 
comer- expans ion.  As  noted  earlier,  at  higher  shock  Mach  numbers,  radiation 
effects  are  quite  significant  and  would  affect  such  flows.  Further  analytical 
work  should  be  done  to  settle  this  question. 

A  number  of  analytical  and  experimental  investigations  were  started  on 
condensation  of  water  vapour  cooled  by  nonstationary  rarefaction  waves  in  a 
shock  tube  [99-101],  Although  the  initial  work  was  started  in  the  Fifties  in 
order  to  see  if  indeed  condensation  shock  waves  do  appear  in  rarefaction  waves 
(Fig.  31),  it  was  not  until  the  Seventies  that  it  was  shown  analytically 
(using  the  method  of  characteristics)  that  such  waves  must  occur  as  a  result 
of  the  release  of  the  latent  heat  of  condensation  [99] .  The  experimental 
pressure  profiles  [101]  could  be  explained  on  either  the  analytical  basis  of 
homogeneous  [99]  or  heterogeneous  [100]  nucleation.  Which  model  is  correct 
will  have  to  await  a  future  experimental  decision.  Unfortunately,  this  inter¬ 
esting  work  had  to  be  terminated  owing  to  insufficient  financial  support.  It 
is  also  worth  noting  that  in  the  Seventies  a  number  of  excellent  facilities 
such  as  the  wave- interaction  tube  [11],  the  shock  sphere  [40]  and  a  new  hyper¬ 
sonic  shock  tunnel  [102]  had  to  be  abandoned  owing  to  a  lack  of  funding  in 
these  areas  of  research. 

This  period  also  saw  a  continuation  of  the  research  on  oblique  shock-wave 
reflections,  which  culminated  in  some  significant  results.  The  work  initially 
dealt  with  a  number  of  considerations  of  real-gas  effects  [103],  It  was  later 
extended  to  solve  once  and  for  all  the  problem  of:  given  a  sharp  compressive 
comer  of  angle  6W  in  a  shock-tube  channel  at  specified  initial  conditions, 
what  type  of  reflection  will  occur  when  it  is  hit  by  a  plane  shock  wave  at  a 
specified  Mach  number  Ms?  Investigators  from  a  number  of  countries  had  tackled 
this  problem  since  the  Forties  with  only  partial  success.  It  was  finally 
solved  and  verified  interferometrically  at  UTIAS  for  diatomic  [104]  and  mona¬ 
tomic  gases  [105].  It  was  shown  that  in  the  (Ms,  Sw) -plane  four  types  of 
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reflections  (regular,  single  Mach,  complex  Mach  and  double  Mach)  can  occur. 

The  regions  and  their  transition  boundaries  were  determined  analytically  for 
perfect  and  imperfect  gases  including  the  effects  of  equilibrium  vibration, 
dissociation  and  ionization.  Recently,  it  was  found  that  our  interferometric 
results  and  the  optical  data  from  many  other  researchers  agree  best  with  a 
perfect-gas  analysis  as  far  as  the  various  regions  and  their  transition  boun¬ 
daries  are  concerned.  However,  real-gas  effects  become  important  immediately 
after  the  viscous  shock  waves.  Consequently,  some  areas  bounded  by  the  inci¬ 
dent,  reflected  and  Mach-stem  shock  waves  may  be  in  nonequilibrium  or  may 
achieve  equilibrium  depending  on  the  various  relaxation  times.  Therefore,  in 
analysing  the  flow  isolines,  real-gas  effects  including  rate  equations  must  be 
considered. 

The  experimental  lines  of  constant-density  (isopycnics)  (Fig.  32)  showed 
that  despite  the  many  developments  in  computational  methods,  all  were  not 
capable  of  accurately  predicting  the  isopycnics  of  such  nonstationary  flows 
[106].  This  is  now  being  addressed  by  a  number  of  computational  centres  with 
increasing  accuracy  [107,108],  Numerical  data  can  now  be  compared  with  the 
available  interferometric  data  for  monatomic,  diatomic  [104-106]  and  triatomic 
[125]  gases. 

It  can  be  expected  that  more  novel  and  accurate  computational  methods  will 
evolve  in  the  near  future.  Such  results  would  be  of  much  assistance  to  the 
experimenter  in  interpreting  his  optical  data  not  only  in  the  laboratory  but 
in  field  trials  of  spherical  blast  waves.  Numerical  time-dependent  solutions 
for  such  problems  are  yet  to  be  achieved.  Once  computer  codes  are  verified 
experimentally,  they  can  produce  far  more  data  on  physical  quantities  than  it 
is  possible  to  measure. 

In  the  late  Sixties  the  supersonic  transport  (SST)  became  controversial 
for  a  number  of  reasons.  Their  possible  injurious  effects  on  humans,  animals 
and  structures  were  important  considerations  for  Canada,  if  overflight  laws 
were  to  be  enacted  based  on  facts.  Therefore,  a  number  of  Canadian  establish¬ 
ments  and  the  University  of  Toronto  contributed  to  the  construction  of  two 
simulators:  a  travelling-wave  sonic-boom  facility  and  a  loudspeaker-driven 
booth  [109] .  A  great  deal  of  research  was  conducted  in  the  areas  of  psycho¬ 
acoustics,  human  response,  effects  on  animals,  structural  response  and  gas- 
dynamic  analyses  [110-117],  Basically,  no  effects  on  humans  when  subjected  to 
sonic  booms  similar  to  SST's  were  observed  as  far  as  heart  rate  changes,  tem¬ 
porary  threshold  shifts  and  while  driving  an  arduous  automobile  course.  The 
structural  effects  on  "aged"  panels  also  were  found  to  be  negligible.  However, 
small  animals  like  mice,  guinea  pigs,  chinchillas  and  Rhesus  monkeys  did  tend 
to  suffer  physical  damage  at  the  basal  turn  of  the  cochlea  in  the  form  of 
bleeding  which  was  absorbed  in  time  (or  destroyed  hair  cells) .  Sonic-boom 
rise-time,  overpressure-amplitude  and  frequency  of  exposure  were  all  important 
factors  affecting  the  bleeding.  However,  the  scaling  laws  from  small  animals 
to  humans  are  unknown.  Nevertheless,  caution  should  be  exercised  against 
excessive  exposure  to  superbooms. 

Since  human-startle  effects  increase  with  decreasing  sonic-boom  risetime 
[118],  the  question  arose  why  actual  sonic  booms  produced  by  SST's  can  be  100 
to  1000-fold  greater  than  predicted  by  planar  shock  wave  analysis.  Atmospheric 
turbulence  [119],  temperature  gradients  near  the  ground,  microphone-response 
limitations  and  vibrational  excitation  [120]  of  the  oxygen  and  nitrogen  com¬ 
ponents  of  air  were  all  blamed.  Consequently,  this  problem  was  investigated 
experimentally  using  exploding  sparks  and  wires  [121] .  It  now  appears  that 
vibrational  excitation  of  oxygen  can  give  rise  to  extended  shock-wave  transi¬ 
tions  at  low  overpressures  (about  one-tenth  the  usual  sonic-boom  value  of  100 
Pascals).  Small-scale  turbulence  would  not  be  significant.  However,  large 
eddies  of  the  size  of  the  aircraft  might  well  give  rise  to  rounded  booms  with 
large  risetimes  or  spiked  booms  with  short  risetimes.  Both  types  are  observed 
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during  any  overflight  past  an  array  of  microphones  at  different  altitudes  or 
on  the  ground. 

5.  TOE  FOURTH  DECADE,  1978- 

Some  of  the  problems  discussed  in  the  previous  section  are  being  continued 
and  extended.  New  research  is  being  initiated  and  conducted  in  new  or  forth¬ 
coming  facilities.  The  following  research  areas  are  being  pursued  av:  the 
present  time:  implosion- wave  dynamics,  oblique  shock-wave  reflections,  sonic- 
boom  effects  and  the  new  areas  of  turbulent,  swirling,  combusting  flows 
(although  this  does  not  deal  with  shock-tube  flows,  it  deserves  to  be  men¬ 
tioned)  and  shock  waves  in  dusty  gases. 

Three  aspects  of  implosion-wave  dynamics  are  of  importance,  including 
the  spectroscopic  measurements  of  temperature  at  an  implosion  focus,  which  is 
produced  by  combustion  or  with  explosives,  and  the  application  of  the  Random- 
Choice  Method  [122]  to  analyse  the  experimental  results.  This  topic  will  be 
presented  as  a  separate  paper  at  this  Symposium  [123].  Consequently,  it  will 
not  be  dealt  with  here.  The  application  of  explosive-driven  implosions  to  the 
production  of  industrial  diamonds  and  other  new  materials  is  very  active.  An 
improved  facility  has  been  built  for  this  purpose  which  eliminates  a  good  deal 
of  physical  labour  through  mechanization  (Fig.  33).  The  horizontal  position 
of  the  flat  face  of  the  hemisphere  during  a  run  has  greatly  improved  the 
frequency  of  excellent  focussing.  The  measurement  of  physical  quantities 
using  manganin-wire  pressure  gauges.  X-ray  diffraction,  electron  diffraction 
and  photomicrographs  have  all  proved  to  be  very  useful  (Fig.  34).  A  model  is 
being  developed  to  explain  how  dynamic  transitions  from  graphite  to  diamond 
can  take  place  in  the  submicrosecond  regime  [124],  Additional  solid-state 
problems  will  be  investigated  in  the  oncoming  years. 

The  use  of  explosive-driven  implosions  to  produce  fusion  has  not  been  easy 
mainly  due  to  a  lack  of  financial  support  and  trained  personnel.  Nevertheless, 
neutrons  and  y-rays  have  been  generated  from  D-D  reactions  at  the  focus  in 
runs  of  54-atm  stoichiometric  deuterium-oxygen  (2D2+02)  and  about  100-g  PETN- 
explosive  shells  (Fig.  35).  Similar  results  have  also  been  obtained  by 
placing  a  small  hemispherical  capsule  containing  1.2  atm  of  pure  deuterium 
covered  by  a  metal  diaphragm  at  the  implosion  focus  (similar  to  a  Voitenko 
compressor  [87]).  Experts  in  the  field  were  skeptical  if  we  would  obtain 
neutrons  with  so  little  explosive  energy.  Our  prospects  for  improving  this 
work  and  to  measure  the  neutron  flux  and  other  radiation  properties  are  not 
good  without  adequate  financial  support.  Yet,  our  ideas  have  proved  to  be 
sound  and  they  await  further  developments. 

The  research  on  oblique  shock-wave  reflections  in  monatomic  and  diatomic 
gases  has  been  successfully  applied  to  a  triatomic  gas  such  as  carbon-dioxide 
[125a],  which  is  already  substantially  excited  at  room  temperature.  Yet,  the 
numerous  experiments  all  agree  with  the  (Ms,  6w)-plot  for  a  perfect  gas  with 
y  *  1.29  (Figs.  36,  37).  Consequently,  the  shock-wave-reflection  process 
behaves  as  if  the  specific  heats  were  frozen  in  front  and  immediately  behind 
the  shock  waves.  The  flow  regions  bounded  by  the  shock  waves  will  be  in  non¬ 
equilibrium  and  if  the  flow  times  are  long  enough  equilibrium  will  finally  be 
attained.  The  results  do  not  fit  the  complete  vibrational-dissociational- 
equi librium  model  nor  any  other  partial  equilibrium  model  [125a].  The  research 
is  being  continued  in  air  [125b].  The  early  dissociation  of  oxygen  with  in¬ 
creasing  shock  strength  compared  to  nitrogen  adds  some  interesting  aspects  to 
this  problem  (Fig.  38).  It  is,  of  course,  of  most  interest  to  experimenters 
conducting  spherical -blast  investigations  in  the  field. 

It  has  now  been  found  that  some  small  animals  suffer  significant  hearing 
impairment  (in  the  entire  range  or  in  some  part  of  the  high-frequency  range) 
after  the  blood  clots  in  the  cochlea  have  been  absorbed.  Since  their  hearing 
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range  far  exceeds  that  of  man  (mice  hear  up  to  100  kHz),  it  is  at  present  not 
known  whether  humans  also  suffer  losses  and  for  how  long  at  high  frequencies 
(<  20  kHz)  when  chronically  exposed  to  sonic  booms  [126].  This  question  will 
be  investigated  in  the  near  future. 

It  now  appears  that  the  excellent  N-waves  produced  by  exploding  wires  may 
not  be  able  to  exactly  simulate  SST  sonic  booms.  The  Random-Choice  Method  has 
been  successfully  applied  to  solve  this  problem  by  modelling  the  exploding  wire 
or  spark  by  a  blast  from  a  small  pressurized  sphere.  Since  this  method  does 
not  introduce  an  artificial  viscosity  it  is  possible  to  solve  the  spherical 
shock-wave  transition.  It  is  thinner  than  the  equivalent  plane-wave  profile 
solved  by  G.  I.  Taylor.  Since  this  subject  is  also  being  presented  as  a 
separate  paper  [127]  at  this  symposium  no  further  details  will  be  given.  The 
work  on  the  structural  response  of  a  wood-plaster  room  subject  to  sonic  boom 
and  its  subsequent  crack-propagation  properties  has  been  completed  and  is 
being  presented  as  a  separate  paper  at  this  symposium  [128].  The  agreement 
between  pressure  and  strain  measurements  and  analysis  was  very  good.  The 
agreement  of  the  finite-element  crack-propagation  analysis  and  (of  necessity) 
one  decisive  experiment  was  very  satisfactory.  The  problem  of  the  pressures 
generated  in  two  interconnecting  rooms  by  a  sonic  boom  is  now  being  investigat¬ 
ed  analytical 1 y  and  experimentally. 

The  design  of  thermally  efficient  combustors  with  a  minimum  of  pollutants 
for  jet  engines  and  home  fiimaces  is  a  very  important  field  of  research  in 
view  of  our  dwindling  fossil  fuels.  Such  flows  are  usually  turbulent,  swirling 
and  chemically  reacting.  It  is  a  difficult  problem  to  model  analytically  [129]. 
In  order  to  verify  such  analysis,  it  is  important  to  measure  the  turbulence 
quantities  of  the  flow.  This  can  be  done  using  laser-Doppler  velocimetry.  It 
can  also  be  applied  to  measure  fuel-droplet  size  and  distribution.  Such  a 
facility  has  now  been  developed  and  will  shortly  be  applied  to  verify  the 
analytical  work  [129],  Hypersonic  combustion  is  another  area  of  interest 
[130-132]  and  will  be  continued  if  financial  support  is  made  possible. 

The  structure  of  moving  shock  waves  in  dusty  air  is  of  considerable 
interest.  For  this  purpose  the  analysis  of  a  dusty-gas  shock  tube  has  been 
completely  investigated  using  the  Random-Choice  Method  [133],  The  nonequili¬ 
brium-flow  profiles  from  the  head  of  the  rarefaction  wave  to  the  frozen  shock 
wave  were  computed,  including  the  shock-front  and  the  contact-front  transi¬ 
tions  (Fig.  39) .  Working  curves  were  determined  for  frozen  and  equilibrium 
shock  transitions  as  functions  of  the  initial  conditions,  dust  concentration 
and  diaphragm-pressure  ratio.  The  regions  where  only  dispersed  shock  waves 
eventually  occur  have  also  been  found  (Fig.  40).  A  new  7.6cm  x  20cm  shock 
tube  is  under  construction  to  validate  the  analysis  and  to  conduct  many  new 
experiments  of  current  interest  to  the  researcher  in  the  laboratory  or  on 
field  trials. 

6.  CONCLUSIONS 

This  brief  survey  of  research  on  shock  tubes  and  waves  at  UTIAS  over  the 
past  33  years  has  attempted  to  give  some  insight  into  a  unique  experience. 

It  is  doubtful  if  any  other  laboratory  has  been  engaged  in  this  ever-changing 
field,  continuously,  over  such  a  lengthy  period.  A  lot  of  good  research  and 
development  work  was  done  in  a  number  of  specially  conceived  facilities.  It 
has  led  to  the  training  of  many  Ph.D.  and  Masters  graduates,  visiting  scien¬ 
tists  and  academics.  Numerous  UTIAS  reports  and  journal  papers  were  published. 
The  present  list  of  references  is  by  no  means  complete.  Our  work  over  the 
years  has  attempted  to  add  to  and  enlarge  mankind's  store  of  scientific  and 
engineering  knowledge.  The  outlook  for  the  future  is  bright.  There  are 
excellent  young  people  at  UTIAS  to  take  over  and  continue  this  important  work 
on  shock  tubes  and  waves  for  many  years  to  come. 
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Owing  to  a  lack  of  space  it  was  not  possible  to  include  the  40  figures. 

These  may  be  found  in  UTIAS  Review  No.  45,  1981. 
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PREFACE 


This  volume  contains  six  invited  papers  and  ninety  two  contributed  papers  presented  at  the 
XIII  International  Symposium  on  Shock  Tubes  and  Waves,  which  was  held  in  Niagara  Falls,  N.Y., 
July  6 -9,  1981.  Professor  I.I.  Glass  of  the  University  of  Toronto  presented  the  Paul  Vieille 
Memorial  Lecture.  This  paper  and  five  other  invited  papers  form  Part  I  of  the  Proceedings.  The 
contributed  papers  are  presented  in  Parts  II  through  VII,  divided  according  to  subject  matter.  The 
typical  broad  range  of  interests  associated  with  shock  waves  is  demonstrated  in  both  the  invited 
and  contributed  papers,  with  subject  material  covering  viscous  aerodynamics,  explosions,  chemis¬ 
try,  optics,  and  energy-related  processes.  It  is  intended  that  this  volume  provide  an  up-to-date 
accounting  of  international  progress  in  these  fields  insofar  as  shock -wave  phenomena  are  involved. 

The  abstracts  contributed  to  this  symposium  were  reviewed  and  categorized  by  the  Executive 
Committee  and  subsequently  evaluated  by  members  of  the  Advisory  Committee.  On  the  basis 
of  these  reviews,  the  Executive  Committee  made  the  final  decisions  on  paper  acceptance.  Two 
hundred  participants  from  seventeen  countries  were  welcomed  at  the  opening  session  by  Profes¬ 
sor  George  C.  Lee,  Dean  of  Engineering  and  Applied  Sciences  at  the  State  University  of  New 
York  at  Buffalo,  Dr.  H.  Robert  Leland,  General  Manager  of  Calspan  Advanced  Technology 
Center,  and  the  Honorable  Michael  O’Laughlin,  Mayor  of  Niagara  Falls.  Professor  Charles  H.V. 
Ebert,  from  the  Department  of  Geography  at  SUNYAB,  addressed  the  participants  after  the 
symposium  banquet  on  the  timely  subject  “Mountains  of  Fire:  The  Nature  of  Volcanoes.”  At 
the  farewell  gathering  a  narrated  movie  of  the  first  flight  (April  1981)  of  the  space  shuttle 
Columbia  was  shown,  provided  by  Rockwell  Internationa]  Corporation. 


Like  its  predecessors,  the  XIII  International  Symposium  on  Shock  Tubes  and  Waves  has  been 
sponsored  by  the  U.S.  AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH.  Their  support  and 
interest  is  warmly  appreciated  by  all  the  participants.  ^ CJO  0 

The  members  of  the  Executive  Committee  wish  to  express  their  gratitude  to  their  organiza¬ 
tions,  the  Calspan  Advanced  Technology  Center  and  the  State  University  of  New  York  at 
Buffalo,  for  their  support  during  the  two  years  of  preparation  for  this  meeting.  The  cooperative 
efforts  of  many  members  of  the  staff  of  both  organizations  are  gratefully  acknowledged.  We 
especially  wish  to  thank  Mrs,  Doris  Jackson,  Mrs.  Jann  Thomas  and  Mrs.  Bonnie  Boskat  for  their 
contributions  in  the  organization  of  the  symposium  and  publication  of  these  proceedings. 
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REVIEW  OF  SHOCK  TUBE  AND  SHOCK  TUNNEL  ADVANCEMENTS  AT  NAL 
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Since  it  was  organized  in  1960,  the  Shock  Tube  Research 
Group  of  NAL  has  studied  the  various  aerodynamic  problems  of 
hypersonic  flight  at  high  altitudes  using  a  reflected  shock 
tunnel,  electrically  heated  shock  tubes  and  a  gun  tunnel. 
These  studies  are  reviewed  briefly  in  this  paper. 

In  order  to  construct  and  operate  a  large-scale  shock 
tunnel  used  for  project  works,  a  new  operational  method  of 
short-duration  wind  tunnels  using  a  large-orifice  plate  and 
high  speed  valves  is  proposed  in  this  paper.  The  practica¬ 
bility  of  this  method  has  been  studied  using  the  gun  tunnel, 
and  the  results  of  these  experiments  are  shown  in  this  paper 
The  exclusion  of  the  piston  and  the  use  of  high  speed  valves 
to  replace  the  diaphragms  not  only  enable  us  to  eliminate 
dust  in  the  flow  but  also  to  reduce  the  tunnel  reset  time. 


INTRODUCTION 


Since  it  was  organized  in  1960,  the  Shock  Tube  Research  Group  of  NAL  has 
studied  the  various  aerodynamic  problems  of  hypersonic  flight  at  high  altitudes 
using  a  reflected  shock  tunnel  electrically  heated  shock  tubes  3)  and  a 

gun  tunnel  4).  The  shock  tunnel  was  operated  at  low  pressure  and  the  electron- 
beam  technique  was  used  in  order  to  do  research  on  the  transition  regime  hyper¬ 
sonic  flow  *’2K  The  gun  tunnel  was  used  for  preliminary  experiments  before 
using  the  NAL  50  cm  diameter  hypersonic  wind  tunnel.  In  the  gu-  tunnel  experi¬ 
ment,  aerodynamic  characteristics  of  spherically-blunted  cones  and  heat-transfer 
problems  of  the  backward-facing  steps  and  shock-impingement  were  elucidated  by 
the  development  of  techniques  for  measuring  aerodynamic  force  5>,  pressure  6’7) 
and  heat-transfer  rate  8) .  The  gun  tunnel  was  reconstructed  as  a  free-flight 
experimental  facility  in  1981  to  study  the  stability  of  a  free-flight  projectile. 

A  short-duration  wind  tunnel  such  as  the  gun  tunnel  has  been  used  because 
of  its  low  construction  and  operating  costs.  Also,  other  type  tunnels  have 
been  developed  by  several  authors,  based  on  new  concepts  such  as  the  Longshot 
Free-Piston  Tunnel  .  the  Piston  Compression  Wind  Tunnel  10)  and  the  Isentropic 
Light  Piston  Tunnel  “*12).  Now  NAL  is  planning  to  construct  a  large-scale 
shock  tunnel  in  the  near  future  to  be  used  for  such  projects  as  the  recovery  of 
rocket  payloads. 

In  the  conventional  short-duration  tunnel,  a  free-piston  and  diaphragms  are 
used.  But  some  of  its  components  must  be  moved  between  runs  to  reset  the  piston 
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and  diaphragms.  In  the  case  of  a  large-scale  tunnel,  the  moving  components 
should  be  fixed.  It  is  also  important  to  obtain  and  continue  a  steady  flow  for 
as  long  as  possible.  Moreover,  elimination  of  dust  in  the  flow  should  be  con¬ 
sidered.  To  solve  these  technical  problems,  we  propose  that  a  new  operational 
method  using  a  large-orifice  plate  and  high  speed  valves  should  be  used.  The 
practicability  of  this  method  has  been  studied  using  the  gun  tunnel  4) . 

In  former  methods,  small-orifice  plates  have  been  used  to  stabilize  the 
tunnel  stagnation  conditions.  However,  a  major  problem  has  been  that  it  takes 
about  a  full  second  to  stabilize  tunnel  conditions  and  the  temperature  of  the 
heated  test  gas  decreases  as  the  time  of  the  stabilization  increases  10,v12). 

To  overcome  this  problem  an  orifice  plate  with  a  large  area  is  used  in  the 
present  method.  The  test  gas  in  the  driven  tube  is  then  heated  employing  shock 
compression  for  two  or  three  steps,  quickly  stabilizing  the  tunnel  stagnation 
conditions.  High  speed  valves  are  used  to  replace  the  diaphragms.  Therefore, 
we  tested  the  high  speed  valves  in  order  to  determine  the  valve  performance  and 
effects  of  the  valves  on  the  flow  in  the  test  section.  The  subject  matter  of 
the  experimental  study  was  the  measurements  of  the  tunnel  stagnation  pressure 
and  temperature  changing  the  orifice  area  with  and  without  a  piston;  performance 
test  of  the  high  speed  valve  installed  in  front  of  the  nozzle;  and  measurements 
of  pitot  pressure  and  stagnation  heat-transfer  rate  of  the  cylinder  to  diagnose 
the  flow  established  in  the  test  section. 


REFLECTED  SHOCK  TUNNEL  AND  ELECTRICALLY  HEATED  SHOCK  TUBE 

The  shock  tunnel  was  operated  at  low  pressure  and  an  electron-beam  densito¬ 
meter  was  used  in  order  to  do  research  on  the  free-molecule  to  continum,  as 
shown  in  Fig.  1  1’2'.  The  pressure  distribution  on  a  flat  plate  with  a  sharp 
leading  edge  was  obtained  from  the  measured  density  on  the  basis  of  constant 
wall  temperature.  The  pressure  distribution  against  the  hypersonic  viscous- 
interaction  parameter  corrected  by  wall  temperature,  x  agrees  well  with  the 
results  of  experiments  in  a  low-density  wind  tunnel  at  UC  Berkeley. 


Fig.  1  Arrangement  of  electron  beam  densitometer 
mounted  on  the  wall  of  the  test  section 
of  NAL  reflected  shock  tunnel. 

The  luminous  intensity  distributions  around  cylinders  and  spheres  in  the 
electrically  heated  shock  tube  with  a  coaxial  gun  are  similar  to  these  density 
distributions  measured  in  the  shock  tunnel  under  almost  identical  flow  condi¬ 
tions  3)  (Fig. 2). 
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Fig.  2  Schematic  of  electrically  heated  shock  tube. 

NAL  GUN  TUNNEL 

The  gun  tunnel  (in  Fig.  3)  was  used  for  preliminary  experiments  before 
using  the  NAL  50  cm  hypersonic  wind  tunnel  4).  In  the  gun  tunnel  experiment, 
aerodynamic  characteristics  of  spherically-blunted  cones,  heat-transfer  problems 
on  the  backward  facing  steps  and  shock-impingement  were  elucidated  by  the  devel¬ 
opment  of  techniques  for  measuring  aerodynamic  force  5',  pressure  6’7)  and  heat- 
transfer  rate  8>13'^15)> 

A  three-component  force  balance  with  semi-conductor  strain  gages  was  pro¬ 
vided  for  the  force  measurement.  The  axial  and  normal  forces  and  the  pitching 
moments  of  spherically-blunted  cones  with  nose  bluntness  ratios  of  0,  0.1,  0.2, 
0.3  and  0.5  and  half-vertex  angles  of  12.5°,  16°  and  20°  were  measured  at  angles 
of  attack  from  0°  to  about  17°  and  a  Mach  number  cf  13.6  5). 

The  pressure  distribution  on  a  series  of  spherically-blunted  cones  having 
a  half-vertex  angle  of  16°,  which  were  installed  in  the  test  section  as  an 
axisymmetric  condition,  were  measured  in  the  hypersonic  flows  produced  with 
contour  and  conical  nozzles.  The  effect  of  nose  bluntness  on  the  pressure 
distribution  of  a  blunted  cone  in  inviscid  hypersonic  flow  was  clarified  by 
taking  into  account  the  viscous  induced  pressure  included  in  the  experimental 
results.  The  inviscid  pressure  coefficient  obtained  in  experiments  in  the  NAL 
gun  tunnel  and  the  NAL  hypersonic  wind  tunnel  was  correlated  with  the  blast- 
wave-type  parameters  Cp/CpjCOne  and  (9c2//CQn)  /  (xn/dn)  in  order  to  compare  it 
with  the  numerical  inviscj  1  flow  pressure  distributions  6’7). 


Fig.  3  NAL  gun  tunnel. 
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Fig.  4  Heat-transfer  rate  distribution  along  stagnation  line  of  cylinder 
after  shock-impingiment .  (  Flow  model.  Type  IV  by  B.  Edney  ) 

It  was  also  found  that  the  pressure  distribution  on  models  tested  1:1  a 
flow  produced  with  a  conical  nozzle  was  appreciably  different  from  that  on 
models  tested  in  a  flow  produced  with  a  contour  nozzle,  but  they  show  good 
agreement  with  each  other  when  harmonized  by  the  source  flow  correction  method 
based  on  experimental  data  of  pitot  pressure  distribution  in  a  conical-nozzle- 
produced  flow  s,r5). 

The  heat  transfer  rate  behind  backward  facing  steps  in  laminar  high  Mach 
number  flows  has  been  measured  and  discussed  at  various  laboratories  including 
the  NAL.  J.  Rom  summarized  these  results  of  the  peak  in  heat-transfer  using 
the  ratio  of  the  boundary  layer  thickness  to  the  step  height,  h/Rei/L 

A  typical  example  of  results  obtained  in  the  heat-transfer  experiment  on 
shock  impingement,  which  is  now  being  conducted  at  NAL,  is  shown  in  Fig.  4. 

This  is  a  schlieren  photograph  corresponding  to  a  flow  pattern  that  a  supersonic 
jet  flow  almost  normally  impinges  on  the  surface  of  a  cylinder,  that  is.  Type 
IV  as  defined  by  B.  Edney.  The  peak  heating  rate  nondimensionalized  with  non¬ 
interference  one  is  higher  than  that  in  any  other  flow  pattern.  The  most 
significant  parameters  governing  the  heat-transfer  rata  distribution  and  peak 
value  are  considered  to  be  the  length  and  width  of  a  supersonic  jet  in  this 
case.  Another  flow  pattern,  where  a  shear  layer  impinges  on  the  body  surface 
obliquely  with  an  oblique  shock  wave,  is  called  Type  I.  Distributions  and  peak 
values  of  this  type  are  considered  to  be  influenced  mostly  by  the  length,  angle 
and  turbulence  level  of  the  impinging  shear  layer. 


NEW  OPERATION  METHOD  FOR  SHORT  DURATION  WIND  TUNNEL 

The  new  operational  method  using  a  large-orifice  plate  and  high  speed 
valves  is  outlined  as  follows  with  reference  to  Fig.  5.  The  wind  tunnel  opera¬ 
tion  is  begun  by  opening  the  1st  high  speed  valve  (1-H.S.V.),  which  is  installed 
between  the  tubes.  When  using  a  large-orifice  plate,  the  test  gas  in  the  driven 
tube  is  huated  employing  shock  compression  for  two  or  three  steps  and  stagnation 
conditions  in  the  wind  tunnel  are  quickly  stabilized.  After  the  stabilization, 
the  2nd  high  speed  valve  (2-H.S.V.),  which  is  installed  in  front  of  the  nozzle, 
is  used  to  release  only  the  heated  test  gas  into  the  test  section  of  the  tunnel. 


Experimental  Apatatus 

The  NAL  gun  tunnel  4)  was  used  to  test  the  practicability  of  the  method. 
The  driver  tube  of  the  tunnel  is  17  cm  in  internal  diameter  and  2  m  in  length. 
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Fig.  5  Gun  tunnel  and  its  operating  system. 

It  can  withstand  up  to  200  kg/cm2.  The  driven  tube  is  7  cm  in  internal  diameter 
and  7  i  in  length.  A  conical  nozzle  of  M=8  with  a  half-angle  of  5°44'  was  used 
in  the  present  experiment.  The  throat  diameter  of  the  nozzle  is  13  mm  and  the 
exit  diameter  is  17.9  cm.  A  vacuum  chamber  of  14.5  m3  in  volume,  including  the 
test  section,  is  evacuated  up  to  a  few  pHg  by  means  of  a  1,250  m3/hr  mechanical 
booster  pump  backed  by  a  6,500  1/min  rotary  pump. 

While  the  high  speed  valve  studied  by  Oguchi,  et  al  16),  has  an  auxiliary 
free-piston  and  electro-magnetic  valve  to  move  the  main  piston,  due  to  the  lim¬ 
ited  room  available  and  for  the  sake  of  simplicity,  we  chose  to  use  a  hand  valve 
to  move  the  piston.  The  room  available  for  the  1-H.S.V.  is  100  mm  long  with  an 
internal  diameter  of  140  mm. 

While  the  construction  of  the  valve  is  complex,  the  flow  path  from  the 
driver  tube  to  the  driven  tube  covers  only  30%  of  the  cross-sectional  area  of 
the  driven  tube.  The  sketch  of  the  1-H.S.V.  is  shown  in  Fig.  6. 


The  2-H.S.V.  which  was  manufactured  for  our  test  is  illustrated  in  Fig.  7. 
The  valve  has  a  metallic  rotor  in  the  same  manner  as  a  glass  cock  used  in  vacuum 
instruments  and  a  throat  diameter  of  15  mm  against  13  mm  of  that  of  the  nozzle. 
The  rotor  with  a  pinion  is  able  to  rotate  about  90  degree  by  means  of  a  pressure 
changeover  unit  and  a  piston  with  a  rack.  When  tunnel  stagnation  pressure  is 
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Fig.  7  Schematic  of  the  2nd  high  speed  valve. 

low,  the  2-H.S.V.  is  operated  with  an  electrically  controlled  pressure  change¬ 
over  unit  (1-P.C.U.).  The  1-P.C.U.  is  able  to  supply  compressed  air  up  to 
10  kg/cm2  to  one  side  of  the  piston  with  a  rack  and  release  synchronously  the 
high  pressure  air  contained  in  the  other  side.  When  the  tunnel  stagnation 
pressure  is  high,  the  2-H.S.V.  is  operated  by  a  2-P.C.U.  backed  by  the  1-P.C.U. 
The  2-P.C.U.  can  supply  more  highly  compressed  air,  which  is  led  from  the  driven 
tube  during  the  tunnel  operation. 


Stabilization  of  Tunnel  Stagnation  Conditions 

In  this  section  of  our  paper,  we  describe  the  tests  that  were  made  to 
determine  the  usefulness  of  an  orifice  with  a  large  area.  The  gun  tunnel  was 
operated  with  the  diaphragm  as  well  as  the  conventional  gun  tunnel  operation 
and  at  the  initial  pressure  ratios,  P4/P1  =  6^156.  Dry  air  at  atmospheric 
pressure  and  room  temperature  was  used  for  the  initial  condition  of  the  driven 
tube.  The  nozzle  throat  was  closed  during  these  experiments.  Plates  having 
orifices  of  O.lA^'v.A^  area  were  tested. 

Fig.  8  shows  the  pressure  traces  which  were  measured  at  the  end  of  the 
driven  tube.  If  we  ignore  the  peak  at  the  beginning  of  the  pressure  traces 
with  a  piston  in  Fig.  8-a) ,  there  is  no  substantive  difference  between  those 
of  a)  and  b)  with  the  same  orifice  area.  The  results  shown  in  Fig.  8  were 
obtained  by  operating  at  an  initial  pressure  ratio  of  80.  Though  the  initial 
pressure  ratio  was  changed  through  a  range  of  6  to  156,  an  orifice  plate  with  a 
constant  area  produced  similar  pressure  traces  for  all  initial  pressure  ratios. 
Even  though  there  were  considerable  fluctuations  in  the  pressure  traces,  the 
tunnel  stagnation  pressure  was  stabilized  instantly  in  this  wind  tunnel  when  an 
orifice  with  an  area  of  0.6A^  was  used.  The  fluctuations  depend  on  the  volume 
ratio  between  the  driver  and  driven  tubes,  and  decrease  as  the  value  of  the 
ratio  increases.  Therefore,  if  we  use  a  wind  tunnel  with  a  high  volume  ratio, 
the  tunnel  stagnation  pressure  will  be  more  easily  stabilized  by  employing 
shock  compression  for  one  step  using  an  orifice  plate  of  a  suitable  area. 

The  pressure  traces  obtained  using  an  orifice  of  0.3Ai  were  stabilized 
after  two  steps  and  obtained  steadier  conditions  than  those  for  an  orifice  of 
O.6A1.  When  the  volume  ratio  isn't  as  high  as  in  the  present  wind  tunnel,  the 
fluctuations  of  the  pressure  traces  can  be  decreased  through  the  use  of  a 
medium-sized  orifice  such  as  -  0.3A]_.  In  this  case,  the  test  gas  in  the 
driven  tube  is  compressed  for  two  or  three  steps,  and  the  time  required  to 
reach  a  stabilized  condition  increases  as  the  number  of  steps  increases. 
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Fig.  8  Effect  of  the  orifice  area  on  the  stabilization  of  the  tunnel 
stagnation  pressure. 


In  the  present  method  using  a  large-orifice  plate,  the  test  gas  is  com¬ 
pressed  and  stabilized  by  employing  shock  compression  for  two  or  three  steps. 
However,  if  the  compression  ratio  of  the  test  gas  isn't  so  high,  the  tunnel 
stagnation  pressure  and  temperature  after  stabilization  can  be  calculated  with 
the  following  equations  obtained  under  the  assumption  of  isentropic  compression. 


P0l/Pl  *  [k/(14k)-(P4/P1)I/Y  +  (1+k)"1]^  . (1) 

Tqi/Ti  -  [k/(14k).(P4/P1)I/^  +  (l+k)_1]Y-l  . (2) 


where  k  is  the  volume  ratio  between  the  driver  and  the  driven  tubes,  V4/Vj. 

When  making  the  above  calculation,  we  found  the  experimental  values  of  the 
tunnel  stagnation  pressure  and  temperature  to  be  in  fairly  close  agreement  with 
the  calculated  values. 


Performance  Tests  of  the  2nd  High  Speed  Valve 

The  wind  tunnel  was  used  to  conduct  performance  tests  of  the  2-H.S.V. 
Typical  traces  of  physical  quantities  which  show  the  tunnel  and  high  speed 
valve  performance  during  the  tunnel  operation  are  illustrated  in  Fig.  9.  It 
shows  the  result  when  the  tunnel  stagnation  pressure  is  low  and  the  2-H.S.V.  is 
operated  by  the  1-P.C.U.  only  as  mentioned  in  the  former  section  of  this  paper. 
The  dotted  lines  in  Fig.  9  show  the  voltage  supplied  to  the  1-P.C.U.  0  is  the 

turning  angle  of  the  rotor  of  the  2-H.S.V.  Pol  is  the  tunnel  stagnation  pres¬ 
sure  measured  at  AO  cm  from  the  end  of  the  driven  tube  on  the  upstream  side. 

Pq2  is  the  pitot  pressure  of  the  flow  established  in  the  test  section  of  the 
tiotnel. 
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Fig.  9  Typical  traces  of  physical  quantities  during  the  tunnel  operation. 

Opening  times  of  the  2-H.S.V.  were  measured  from  rise  to  the  point  where 
pitot  pressure  and  heat-transfer  rate  reached  to  steady  states,  as  explained 
in  the  next  section  of  this  paper.  Fig.  10  shows  the  above  opening  times  for 
two  performance  tests.  In  one  of  the  tests,  the  2-H.S.V.  is  operated  by  only 
the  1-P.C.U.,  and  in  the  other  test,  the  2-P.C.U.  backed  up  by  the  1-P.C.U.  is 
used  to  operate  it.  As  shown  in  Fig.  10,  the  actual  opening  times  are  only 
4^5  msec  in  the  low  pressure  range,  and  even  if  the  tunnel  stagnation  pressure 
is  high  they  are  below  10  msec.  Therefore,  the  2-H.S.V.  installed  in  front  of 
the  nozzle  is  of  practical  use.  These  values  can  be  reduced  by  the  choice  of 
the  suitable  internal  diameter  and  length  of  the  high  pressure  air  tube  con¬ 
nected  to  the  pressure  changeover  units. 


Fig.  10  Opening  time  of  the  2nd 
high  speed  valve. 

Diagnoses  of  the  Flow  Established  in  the  Test  Section 

As  has  already  been  mentioned,  typical  pitot  pressure  trace  was  shown  in 
Fig.  9.  The  effect  of  the  initial  pressure  ratio  on  the  pitot  pressure  of  the 
flow  is  shown  in  Fig.  11.  The  gentle  slope  in  the  region  of  initial  pressure 
ratios  in  excess  of  16  is  due  to  boundary  layer  growth  on  the  nozzle  wall  sur¬ 
face.  The  steeD  slope  in  the  region  below  16  is  regarded  as  the  effect  of  air 
condensation  17).  To  confirm  this,  the  flow  static  pressure  and  temperature, 
which  were  calculated  from  experimental  results,  are  shown  in  Fig.  12,  in  com¬ 
parison  with  the  onset  line  for  air  condensation  18).  The  solid  line,  which 
shows  the  relation  between  the  static  pressure  and  the  temperature,  crosses  the 
onset  line  arouud  P4/P1-I6.  Therefore,  even  if  there  is  a  2-H.S.V.  in  front  of 
the  nozzle,  the  flow  in  the  test  section  is  considered  to  be  normally  estab¬ 
lished  in  the  tunnel  operation  region  without  condensation. 
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Fig-  11  Effect  of  the  Initial  pres-  Fig.  12'  Air  flow  condensation, 

sure  ratio  on  the  pitot 
pressure  of  the  flow. 


To  diagnose  flow  stagnation  temperature  and  flow  duration,  a  two-dimen¬ 
sional  cylinder,  30  mm  in  diameter,  was  installed  In  the  test  section.  The 
stagnation  point  heat-transfer  rate  of  this  cylinder  was  measured  with  a  tech¬ 
nique  which  uses  thin-film  thermometers  and  analog  networks  lu'.  Fig.  13  shows 
a  typical  record  of  the  heat -transfer  rate  which  was  obtained  using  an  orifice 
plate  without  a  piston. 

The  heat-transfer  rate  is  explained  as  follows,  referring  both  to  experi¬ 
mental  results  obtained  using  a  nozzle-like  orifice  block  without  a  piston  and 
the  orifice  plate  with  a  piston.  The  heat-transfer  rate  trace  shown  in  Fig.  13 
is  divided  into  constant,  steep  and  gentle  slope  regions. 


Fig.  13  Typical  trace  of  stagnation  point  heat-transfer 
rate  of  the  cylinder. 

1)  Constant  Heat-Transfer  Rate  Region:  The  duration  of  the  constant 

heat-transfer  rate  region  does  not  depend  upon  the  configuration  of  the  orifice 
plates  and  the  piston,  but  only  on  the  operation  condition  of  the  tunnel.  The 
tunnel  stagnation  temperature  determined  from  the  heat-transfer  measurement 
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gives  almost  the  same  value  as  the  temperature  measured  directly  by  the 
thermocouple . 


2)  Steep  Slope  Region:  Although  the  heat-transfer  rate  traces  in  all 

cases  are  similar  to  each  other,  there  is  a  slight  difference  in  gradient. 
Therefore,  the  steep  decrease  of  the  heat-transfer  rate  trace  is  considered  to 
be  due  to  the  compression  process  of  the  test  gas  and  to  the  fact  that  the 
heated  test  gas  loses  some  of  its  heat  to  the  driven  tube  wall.  The  effect  on 
the  heat-transfer  rate  of  gas  mixing  between  the  test  gas  and  the  driver  gas 
isn't  large  in  this  region. 


3)  Gentle  Slope  Region:  The  gentle  slope  of  the  heat-transfer  rate 

trace  is  due  to  driver  gas,  because  the  value  of  heat-transfer  rate  using  a 
piston  is  zero  in  this  region.  Therefore,  the  heat-transfer  rate  in  the  gentle 
slope  region  is  due  to  the  effect  of  heat-transfer  from  driven  tube  wall  to 
driver  gas.  In  Fig.  14,  the  flow  duration  in  which  a  constant  heat-transfer 
rate  is  maintained  is  compared  with  the  flow  duration  that  is  defined  by  pitot 
pressure  measurements  with  a  piston. 

The  flow  duration  obtained  from  heat-transfer  measurements  is  about  60^70% 
of  the  ideal.  Its  decrease  seems  to  be  due  to  a  compression  process  of  the  test 
gas  in  the  driven  tube.  The  piston  did  not  affect  the  flow  duration  in  the 
present  experiment. 
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Fig.  14  Flow  duration. 


CONCLUSION 

As  expected,  the  results  of  the  preliminary  experiment  showed  that  the 
present  method  is  very  useful  for  construction  and  operation  of  a  large-scale 
short  duration  wind  tunnel.  The  exclusion  of  the  diaphragms  and  the  piston  not 
only  enabled  us  to  make  a  large-scale  wind  tunnel  but  also  to  eliminate  dust  in 
the  flow.  By  using  a  large-orifice  plate  together  with  high  speed  valves,  early 
stabilization  of  tunnel  stagnation  conditions  and  a  steady  flow  in  the  test 
section  was  achieved.  The  use  of  high  speed  valves  to  replace  the  diaphragms 
and  the  elimination  of  the  piston  enabled  us  to  reuse  both  the  states  of  high 
pressure  in  the  driver  tube  and  the  partially  evacuated  pressure  in  the  dump 
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tank  after  the  tunnel  operation.  Therefore,  the  tunnel  reset  time  was  reduced 
dramatically.  The  effect  of  a  piston  on  the  performance  of  the  tunnel  was 
negligible. 

On  the  basis  of  the  above  results,  we  are  planning  to  construct  a  large- 
scale  shock  tunnel  to  do  research  on  a  hypersonic  flow  having  a  Mach  number  of 
15.  The  tunnel  will  consist  of  a  spherical  high  pressure  chamber  of  10  m3  which 
can  withstand  air  pressure  of  300  kg/cm2 ,  an  electrically  heated  driven  tube 
25  cm  in  diameter  and  20.5  m  in  length  and  two  spherical  vacuum  chambers  of 
1,800  m3. 
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CURRENT  STUDIES  AT  CALSPAN 
UTILIZING  SHORT-DURATION  FLOW  TECHNIQUES 

Michael  G.  Dunn 

Aerodynamic  Research  Department 
Calspan  Advanced  Technology  Center 
Buffalo,  New  York  14225 

A  brief  review  of  current  shock-wave  related  research  projects 
within  the  Aerodynamic  Research  Department  at  the  Calspan 
Corporation  is  given.  The  subject  areas  discussed  are  di¬ 
vided  into  three  basic  groups:  (1)  Application  of  conven¬ 
tional  shock-tube/shock-tunnel  techniques  to  obtain  heat-flux 
distributions  on  flight  vehicles,  to  study  transonic  shock/ 
boundary- layer  interactions,  and  to  obtain  rate-coefficient 
measurements;  (2)  Relatively  new  applications  of  established 
shock-tube/shock-tunnel  techniques,  and  (3)  Discussion  of 
new  techniques  specifically  developed  to  improve  the  accu¬ 
racy  of  shock-tunnel  simulations. 
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INTRODUCTION 
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Research  utilizing  shock-tube/shock-tunnel  techniques  has  been  an  active 
area  of  interest  at  Calspan  for  many  years.  The  intention  of  this  paper  is  to 
review  on-going  projects  which  can  be  conveniently  divided  into  three  groups  as 
noted  in  the  abstract.  Included  in  the  discussion  of  Group  1  is:  a  description 
of  a  shock-tunnel  measurement  program  designed  to  obtain  heat-flux  distributions 
for  a  pod  to  be  mounted  on  the  top  of  the  space  shuttle  vertical  tail,  an  exper¬ 
iment  that  uses  a  large-scale  Ludwieg-tube  apparatus  to  obtain  data  relevant  to 
the  fundamental  description  of  the  transonic  shock/boundary- layer  interaction 
phenomena,  and  a  shock-tube  measurement  program  designed  to  obtain  the  reaction 
rates  of  the  chemical  processes  in  high-temperature  reactions  involving  boron, 
fluorine,  hydrogen  and  oxygen-bearing  compounds. 

Two  on-going  experiments  are  discussed  under  Group  2:  first,  an  experi¬ 
ment  which  uses  existing  shock-tunnel  technology  and  transient  test  techniques 
to  obtain  heat-flux  and  pressure  distributions  for  a  gas  turbine  with  the  wheel 
rotating  at  operational  speeds;  second,  a  Ludwieg-tube  program  designed  to  im¬ 
plement  a  laboratory  experiment  to  obtain  fundamental  data  for  the  transient 
response  of  a  turbofan  engine  when  the  machine  is  subjected  to  a  simulated 
blast-wave  environment. 

The  items  composing  Group  3  involve  new  techniques  designed  to  improve 
the  capability  for  obtaining  accurate  simulations  and  measurements  in  a  shock 
tunnel.  These  include  a  description  of  new  heat-transfer  gages  developed  to 
measure  rough-wall  heating  and  a  description  of  a  technique  to  simulate  the  flow 
about  a  highly  blowing  nose  tip. 

2.  CONVENTIONAL  SHOCK-TUBE/SHOCK-TUNNEL  INVESTIGATIONS 

2.1  SPACE  SHUTTLE  HEAT- FLUX  MEASUREMENTS:  NASA  plans  to  mount  a  scanning 
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infrared  detector  on  the  tip  of  the  vertical  tail  of  a  future  Space  Shuttle 
Orbiter  vehicle.  The  purpose  of  this  sensor  is  to  measure  surface  temperatures 
on  the  leeside  of  the  orbiter  wings  and  fuselage  during  entry.  Before  this  ex¬ 
periment  can  be  installed  on  the  Shuttle,  the  sensor-pod  design  must  be  certi¬ 
fied  as  adequate  to  withstand  the  aerodynamic  forces  and  heat  transfer  associ¬ 
ated  with  the  entry  phase  of  the  Shuttle  orbiter.  The  vehicle  will  be  flying 
at  angles  of  attack  of  40°  with  the  pod  in  the  wake-like  flow  on  the  leeside  of 
the  vehicle.  This  flow  also  contains  shock  waves  generated  by  the  wings  and  the 
vertical  tail. 


A  0.0175-scale  model  of  the  orbiter  has  been  instrumented  with  92  thin- 
film  heat-transfer  gages  located  on  the  pod  and  on  the  vertical  tail.  Fig.  1. 

The  hemispherical  dome  of  the  pod,  although  only  0.375-inch  diameter,  contains 
39  miniature  gages  as  shown  in  Fig.  2.  This  model  is  being  tested  in  the  48- 
inch  and  96-inch  Hypersonic  Shock  Tunnels  at  Mach  numbers  from  8  to  16,  Reynolds 
numbers  from  5x10^  to  1x10?  per  foot,  and  angles  of  attack  of  30°,  35°  and  40°. 
The  results  of  this  test  are  currently  being  analyzed  with  respect  to  the  pod 
design.  A  preliminary  correlation  of  heat-transfer  data  obtained  on  the  verti¬ 
cal  tail  with  data  measured  on  the  first  flight  of  the  Columbia  show  very  good 
agreement. 


2.2  TRANSONIC  SHOCK/BOUNDARY-LAYER  MEASUREMENTS:  Serious  problems  have  been 
encountered  in  the  scaling  of  transonic  wind-tunnel  data  to  full  scale  when  deal¬ 
ing  with  shock  wave/boundary- layer  interactions  (SBLI).  A  program  of  research 
was  initiated  at  Calspan  which  centered  around  a  simulation  experiment  performed 
in  the  large  Calspan  Ludwieg  Tube1'3. 

The  Calspan  Ludwieg  Tube  is  a  large  scale,  upstream-diaphragm  facility. 

The  supply  tube  is  60-ft  long  and  has  an  inner  diameter  of  S.S-ft.  For  tran¬ 
sonic  studies,  a  perforated  nozzle  housed  within  a  large  dump  tank,  8-ft  in 
diameter  and  60-ft  long,  is  used.  The  perforated  nozzle  is  contained  within  the 
evacuated  dump  tank,  and  during  the  experiment,  sonic  outflow  through  the  walls 
expands  the  nozzle  flow  to  low  supersonic  Mach  numbers.  Selective  coverage  of 
some  of  the  perforations  permits  streamwise  variation  of  the  Mach  number.  A 
flat-plate  shock-holder  assembly  shown  in  Fig.  3  completes  the  apparatus  used  in 
the  SBLI  experiments.  This  assembly  was  designed  with  the  objective  of  simulat¬ 
ing  the  flow  through  a  normal  shock  wave  standing  on  an  airfoil  at  nearly  full- 
scale  Reynolds  number.  The  turbulent  boundary  layer  approaching  the  shock  is 
developed  on  the  flat  plate  that  spans  the  transonic  nozzle,  and  the  interaction 
is  generated  in  the  shock  holder  by  choking  the  flow  at  its  exit.  In  all  exper¬ 
iments,  an  airfoil  type  pressure  history  was  imposed  upon  the  boundary  layer 
approaching  the  shock. 

The  duration  of  steady  test  flow  in  this  facility  is  approximately  95  ms. 

A  steady  boundary  layer  is  established  in  the  model  after  a  transient  starting 
process  of  about  15  ms  duration.  During  the  starting  process,  the  choking  flap 
sends  a  wave  system  upstream  through  the  shock-holder  channel.  Stationary  shock 
structures  lasting  6  to  25  ms  have  been  obtained.  Most  of  the  measurements  are 
made  using  pressure  probes  together  with  fast-response  pressure  transducers. 

In  addition,  skin  friction  is  measured  directly  by  using  flowing  element  bal¬ 
ances  with  a  fast-response  piezoelectric  pick-up.  These  Calspan-developed  skin- 
friction  transducers  have  a  0.252-inch  diameter  sensing  surface  and  can  measure 
shearing  up  to  0.02  psi.  The  output  of  all  transducers  is  fed  directly  to  a 
high-speed  data  acquisition  and  processing  system^  designed  to  satisfy  the  spe¬ 
cific  requirements  of  short-duration  test  facilities.  Visualization  of  the 
shock  structure  is  obtained  by  schlieren  movies  and  pictures  of  the  flow  direc¬ 
tion  at  the  model  surface  are  obtained  by  wool  tufts. 

2.3  SHOCK-TUBE  MEASUREMENTS  OF  SPECIFIC  HBO?  AND  OBF  REACTION-RATE 

COEFFICIENTS:  One  goal  in  the  area  of  high-temperature  chemistry  research 

is  the  development  of  reliable  predictive  codes  for  the  chemical  processes  and 
subsequent  radiation  from  high-temperature  reacting  gases.  Important  input  re¬ 
quirements  include  the  chemical  kinetic  data  which  govern  species  production 
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and  removal  processes  in  a  reactive  environment.  For  many  years,  research  pro¬ 
grams  at  Calspan  have  provided  a  quantitative  data  base  on  the  spectro- 
radiometric  signatures  of  molecular  species  of  particular  interest  within  the 
radiation/kinetics  community.  Molecular  band  locations,  band  shapes  and  spec¬ 
tral  intensities  have  been  measured  in  such  studies**. 

The  objective  of  the  on-going  research  is  to  determine  selected  rate  co¬ 
efficients  for  selected  B-O-H-F  species.  In  particular,  radiometric  measure¬ 
ments  have  confirmed  the  predominant  importance  of  the  HBO2  and  OBF  band 
contributions  in  boron-containing  mixtures.  The  present  study  comprises  reaction- 
rate  measurements  for  the  primary  chemical  processes  affecting  the  formation 
and  depletion  of  HBO2  and  OBF.  A  shock  tube  is  employed,  wherein  the  reactions 
of  interest  are  monitored  behind  the  reflected  shock,  using  selected  initial  mix¬ 
ture  preparations  involving  diborane  (82*%)  and  O2,  and  boron  trifluoride  (BF3) 
and  O2,  in  diluent  argon.  The  argon  diluent  ensures  that  both  isothermal  and 
thin-gas  radiation  conditions  prevail. 

The  radiometric  signatures  of  selected  reactant  and  product  species  are 
monitored  in  both  the  short  wavelength  (<5xm)  and  long  wavelength  (6-10^vm) 
infrared  spectral  regions.  Three  independent  optical  lines  of  sight  are  located 
at  a  common  station  in  the  shock  tube.  A  schematic  of  the  shock  tube  and  IR  in¬ 
strumentation  deployment  is  shown  in  Fig.  4.  Also  included  in  the  figure  is  an 
illustrative  radiometer  record  of  the  detected  inband  radiance  of  the  5>«m  band 
of  HBO2  (B=0  stretching  vibration)  in  the  reflected-shock  region.  The  inband 
radiation  of  other  reactant  and  product  molecular  species  is  similarly  monitored 
during  the  experiments,  by  means  of  appropriately  selected  IR  filters. 

3.  NEW  APPLICATIONS  OF  SHOCK-TUBE/SHOCK-TUNNEL  TECHNIQUES 

3.1  HEAT-FLUX  MEASUREMENTS  FOR  GAS  TURBINE  ENGINES:  The  ability  to  predict 
accurately  the  heat-flux  distributions  for  various  engine  components  is  an  im¬ 
portant  consideration  in  gas  turbine  engine  design.  Many  different  facilities 
are  currently  being  used  to  perform  turbine  related  studies.  The  test  apparatus 
currently  being  used  at  Calspan  (Fig.  5)  provides  an  experimental  capability 
fitting  between  the  well  known  cascade-type  facility  and  the  full-scale  engine 
facility.  Heat-flux  and  pressure  measurements  have  been  obtained  at  Calspan 
using  state-of-the-art  shock-tube  technology  and  well  established  transient-test 
techniques.  These  measurements  were  performed  for  a  full  turbine  stage  of  the 
AiResearch  TFE  731-2  engine.  This  work  is  an  extension  of  earlier  measure¬ 
ments^^,  obtained  for  a  single  stator  stage  in  the  absence  of  a  rotor. 

The  modified  shock-tunnel  apparatus  sketched  in  Fig.  5  consists  of  a  40-ft 
long  driver  tube  and  a  50-ft  long  driven  tube  driving  a  test-section  device 
mounted  near  the  exit  of  the  primary  nozzle.  The  model  containing  the  turbine 
stage  consists  of  a  forward  transition  section  with  a  circular  opening  facing 
the  supersonic  primary  nozzle  flow.  The  circular  opening  is  followed  by  a 
complete  360°-annular  passage  containing  the  nozzle  stator,  the  rotor,  and  the 
shroud.  The  orifice  plate  is  used  to  set  the  mass-flow  rate  through  the  device 
and  thus  to  set  the  exit  Mach  number  of  the  stator  nozzle.  The  stator  contains 
approximately  58  heat-transfer  gages,  and  the  rotor  airfoil  is  instrumented  as 
follows:  pressure  surface  (12  gages),  suction  surface  (7  gages),  and  tip  (2 
gages).  Pressure  transducers  were  installed  in  the  test  model  from  the  entrance 
section  to  the  orifice  plate  in  order  to  obtain  detailed  data  on  the  starting 
process  and  the  stage  performance. 

The  temperature  vs  time  histories  obtained  from  the  thin-film  heat- 
transfer  gages  located  on  the  rotating  airfoils  (wheel  speed  is  27,000  rpm  at 
100%  physical  speed)  are  transferred  to  tape  recorders  by  use  of  a  slip-ring 
system.  The  high-frequency  data  associated  with  rotor-blade  passage  through  the 
stator  wakes  is  an  important  part  of  this  program.  The  recorder  was  operated  so 
as  to  sample  at  2>wsec  intervals  with  typical  passage  times  through  a  stator 
wake  being  on  the  order  of  50  to  80 ./Msec,  depending  on  rotor  speed.  A  2.* sec 
sampling  rate  provided  many  data  points  during  a  typical  blade  passage**. 
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surface  topography  of  sand-grain  roughness.  The  second  type  of  gage  used  in 
this  study  is  a  rough  calorimeter  gage  shown  in  Fig.  9.  Both  types  of  gages 
are  employed  in  the  rough-wall  heating  studies  and  the  results  are  found  to  be 
in  excellent  agreement. 

4.2  MASSIVE  BLOWING  FROM  THE  HEAT  SHIELD  DURING  JOVIAN  ENTRY:  Ablative  heat 
shields  have  been  used  successfully  to  achieve  thermal  protection  for  vehicles 
entering  the  earth's  atmosphere  for  the  past  two  decades.  Convective  heating 
is  the  principle  source  of  energy  and  the  resulting  rate  of  ablation  is  such 
that  the  nondimens ional  mass  loss  from  the  nosetip  (m/p.,  ua, )  seldom  exceeds 
0.3.  The  high-energy  entry  into  the  atmosphere  of  Jupiter,  however,  represents 
a  different  class  of  problem.  High-speed  entry  into  a  H2/He  environment  results 
in  extremely  large,  radiative-heating  rates  that  are  combined  with  relatively 
small  convective-heating  levels.  Under  these  conditions,  the  rate  of  mass 
addition  from  the  ablative  heat  shield  is  such  that  mass-addition  rates  ap¬ 
proaching  70%  of  the  mass  flux  in  the  free  stream  can  be  attained. 

t  ; 

A  porous  nosetip  used  in  the  Calspan  shock-tunnel  massive-blowing  studies'" 
simulating  Jovian  reentry  is  shown  in  Fig.  10.  The  injectant  was  bled  into  the 
flow  from  a  large  number  of  slots  in  the  surface  of  the  model  that  were  fed  from 
eight  separate  reservoirs  which  were  connected  through  fast-acting  valves  to 
eight  concentric  zones  in  the  nosetip.  By  adjusting  the  relative  pressure 
levels  in  the  reservoir,  it  was  possible  to  control  the  distribution  of  injec¬ 
tant  from  the  nosetip.  The  model  was  instrumented  with  thin-film  heat-transfer 
and  pressure  gages.  The  model  was  calibrated  to  determine  the  discharge  co¬ 
efficients  of  each  zone  of  the  model  for  N2,  CO2,  CF4  and  SF&  injectants.  For 
the  test  conditions  used,  it  was  possible  to  generate  nondimensional  blowing 
rates  (m/j^  )  from  0.1  to  1  through  the  model.  Much  of  the  testing  was  con¬ 

ducted  with  a  CF4  injectant.  Using  CF4  with  an  80%  H2/20%  He,  the  freestream 
closely  simulated  the  molecular  weight  ratio  anticipated  for  the  Jupiter  mission . 
High-speed  schlieren  photography  was  also  used  to  examine  the  structure  and 
stability  of  the  shock  layer. 

The  high  Mach  numbers  in  both  the  test  media  (80%  112/20%  He)  and  the  driver 
gas  (heated  H^)  made  the  generation  of  long  run  times  in  an  impulse  facility  in¬ 
herently  difficult.  To  maximize  the  test  time,  the  shock  tunnel  was  operated 
with  a  low  incident-shock  Mach  number  (M^=2) .  After  a  rapid  and  clean  start,  i 
steady- flow  duration  of  over  4  ms  was  obtained.  The  subsequent  tests  demon¬ 
strated  that  this  time  was  more  than  two  times  longer  than  the  duration  require! 
to  establish  steady  flow  over  a  highly  blowing  nosetip.  The  experimental  studies 
demonstrated  that  for  a  given  mass-injection  ratio,  increasing  the  molecular 
weight  of  the  injectant  increases  the  stability  of  the  shock  layer. 
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3.2  NUCLEAk  BLAST  RESPONSE  OF  AIR  BREATHING  PROPULSION  SYSTEMS:  A  program  to 
evaluate  nuclear  blast  response  of  airbreathing  propulsion  systems  is  an  ongoing 
effort  at  Calspan.  The  engine  used  in  the  experiments  described  here  was  the 
Williams  Research  Corporation  F107-WR-400. 

The  basic  Ludwieg-tube  facility,  around  which  this  technology  program  was 
developed  is  described  in  Section  2.2.  In  order  to  convert  the  existing  facility 
to  one  that  could  be  used  to  determine  the  blast-wave  response  of  airbreathing 
propulsion  systems,  several  modifications  were  necessary.  An  important  re¬ 
striction  on  the  generation  of  shock  waves  that  are  to  be  directed  into  the 
engine  is  that  the  flow  environment  must  be  free  of  foreign  particles.  It  was 
thus  necessary  to  modify  the  facility  as  shown  in  Fig.  6  so  as  to  incorporate  a 
driver  technique^- H  consisting  of  an  actuating  chamber  and  a  flexible  diaphragm 
in  order  to  create  an  appropriate  shock  wave.  This  chamber  is  initially  pres¬ 
surized  to  a  static  pressure  approximately  2  to  5  psi  in  excess  of  the  Ludwieg- 
tube  driver  supply  tube  in  order  to  seal  the  flexible  diaphragm  against  the 
shock-tube  flange  and  support  grid.  The  sketch  shown  in  Fig.  6  illustrates  that 
two  additional  tubes,  in  addition  to  the  actuating  chamber,  were  added  to  the 
facility  in  order  to  perform  the  desired  experiments.  The  shock  wave  is  initi¬ 
ated  in  the  small  diameter  tube  by  rapid  removal  of  the  flexible  diaphragm  from 
t'he  tube  entrance.  This  is  accomplished  by  venting  the  actuating  chamber  to 
the  outside  away  from  the  engine  by  rupturing  a  mylar  diaphragm  using  an  air- 
operated  knife.-  A  shock  wave  is  then  formed  in  the, 10-inch  diameter  tube  (d) 
and  progresses  on  to  the  larger  diameter  tube  (D)  where  it  weakens  and  is 
eventually  directed  into  the  operating  engine.  For  steady-state  operation  of 
the  engine  prior  to  initiation  of  a  shock  wave,  the  engine  draws  its  supply  air 
through  the  annulus  bounded  by  the  two  tubes  of  diameters  d  and  D  as  shown  in 
Fig.  6. 

Figure  7  is  a  sketch  of  the  engine  located  in  the  8-ft  test  section.  In 
order  to  utilize  the  existing  shock  tubes,  it  was  necessary  to  design  and  con¬ 
struct  a  bypass  duct  illustrated  in  Fig.  7.  The  cross-sectional  area  of  the  by¬ 
pass  was  maintained  constant  at  the  shock-tube  value  from  the  inlet  entrance  to 
the  perforated  plate.  For  these  experiments,  a  forty-probe  dynamic-pressure 
rake  was  located  just  upstream  of  the  first-stage  fan  to  determine  fan-face 
distortion.  In  addition,  total-pressure  measurements  were  obtained  at  approxi¬ 
mately  44  other  locations  within  the  engine. 

Measurements  were  performed  with  two  inlet  configurations  and  with  the 
engine  at  0°  and  20°  angle  of  yaw.  Experimental  results  were  obtained  for 
equivalent  blast-wave  overpressures  from  1.0  to  2.5  psi.  For  each  of  these  over¬ 
pressures,  measurements  were  obtained  for  engine  speeds  from  0%  to  100%  of 
maximum  speed. 

4.  NEW  INSTRUMENTATION  AND  TECHNIQUES 

4.1  SHOCK-TUNNEL  INSTRUMENTATION  FOR  ROUGHNESS  EFFECTS  IN  HYPERSONIC  FLOW: 

Recent  Calspan  shock-tunnel  studies  ^  of  the  aerothermal  effects  of 
surface  roughness  include  detailed  measurements  of  skin  friction,  heat  transfer 
and  pressure  on  highly-cooled  surfaces  in  high  Reynolds-number  hypersonic  flow. 
Configurations  were  chosen  to  simulate  the  flow  over  a  nosetip  so  that  boundary- 
layer  transition,  entropy  swallowing  and  surface  roughness  could  be  studied 
either  separately  or  in  combinations.  The  studies  were  conducted  at  Mach  numbers 
from  8  to  13.  Skin-friction  measurements  were  made  on  both  rough  and  smooth 
configurations  using  the  skin-friction  transducers  shown  in  Fig.  8.  The  rough¬ 
ness  was  bonded  to  the  diaphragm  of  each  transducer  to  form  a  rough  surface  in 
which  the  particles  were  packed  as  closely  as  possible  without  creating  a  multi¬ 
ple  layer.  A  similar  surface  was  molded  into  two  types  of  heat-transfer  gages 
developed  for  use  in  these  studies, 

A  thin  film  "S"  gage  has  a  sensitive  element  composed  of  a  platinum  film 
that  is  sputtered  uniformly  onto  a  glass  substrate  which  is  molded  into  the 
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Figure  1.  Space  shuttle  vertical  tail  haat-tranifer 
gage  instrumentation 


Figure  2.  Thin-film  gages  on  dome  of  pod 
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(a)  Tailored  porosity  distribution;  (b)  model  (1.08  x  1.31  x 
3.42  ft);  (c)  shock  holder  top  piste;  (d)  flat  plate  (L-4.07) 

(e)  observation  windows;  (f'  choking  flap 

Figure  3.  Transonic  shock-boundary  layer  experimental  apparatus 
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detected  in  band  HBO2  (4.89-5.05  m) 

Figure  4.  Schematic  of  experimental  apparatus  and  typical  data  record 


Figure  5.  Schematic  of  turbine  heat  tranffer  experimental  apparatus 
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Figure  6.  Sketch  of  apparatus  used  for  blast  response  experiments 


Figure  7.  Side-view  sketch  of  engine  in  Ludweig-tube  facility  for  0°-yaw  configuration 
with  extended  bell  mouth 
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Figure  10*.  Model  used  in  Jovian  entry  studies 


Figure  10b.  Instrumented  TCNT  note  tip 


SHOCK-INDUCED  FLOW  SEPARATION  AND  THE 
ORBITER  THERMAL  PROTECTION  SYSTEM 


Serge-Albert  Waiter 


5.0 

Shuttle  Orbiter  and  Integration  Division 
Space  Transportation  and  Systems  Group 

CM 

North  American  Space  Operations 

Rockwell  International 

Downey,  California  90241 

ABSTRACT 


cn 

«c C 


The  concept  of  the  Space  Shuttle  orbiter’s  thermal  protection  system 
(TPS)  is  based  on  reusable  tiles  of  various  shapes  and  sizes,  but  none 
exceeding  8  inches.  The  tiles  are  top-coated,  but  the  sides  (edges)  are  not 
thermally  protected  and  are  susceptible  to  damage  from  aerothermodynamic 
heating.  Such  a  problem  occurs  when  large  air-mass  flows,  created  by  local 
pressure  gradients,  circulate  into  the  tile  gaps. 


A  typical  problem  is  a  pressure  gradient  created  during  entry  by  body 
flap  deflection.  After  a  brief  description  of  how  the  problem  affects  the 
Space  Shuttle  orbiter,  a  theoretical  and  experimental  review  of  the 
phenomenon  in  which  the  major  parameters  involved  in  gap  heating  are 
discriminated  and  analyzed^is  presented  in  Section  I.  In  Section  II,  a  review 
of  well-known  classical  m^hods  to  resolve  the  gap  aeroheating  problem  in 
the  presence  of  a  pressure! gradient  is  presented,  and  a  few  solutions  are 
computed  to  assess  the  sensitivity  of  each  one. 

Starting  with  a  basic  relationship  (called  “eyeball”  because  of  its 
simplicity),  Section  III  follows  the  results  obtained  up  to  the  most  modern 
engineering  approach.  It  shows  that,  in  all  of  the  cases  calculated,  there  is 
too  little  confidence  to  apply  the  results  to  the  orbiter  without  serious 
structural  penalties,  such  as  increased  weight  from  gap  fillers  used  to  stop  the 
flow  of  air  into  the  die  gaps. 


Section  IV  presents  the  solution  obtained  by  using  the  most 
appropriate  method,  based  upon  the  solution  of  the  Navier-Stokes  equations. 
There  is  excellent  correlation  with  wind  tunnel  data.  The  application  to  four 
trajectory  time  points^  shows  that  most  of  the  conservatism  introduced 
because  of  the  uncertainties  of  the  approximate  solutions  (Section  III)  can 
be  disregarded.  No  correlation  of  this  “exact  solution”  with  the  simple 
pre-established  relationships  has  been  found,  which  indicates  that  more 
parameters  than  expected  could  be  involved.  However,  an  after-the-fact, 
semi-empirical  engineering  solution  that  fits  the  Navier-Stokes  solution  with 
good  agreement  was  established. 


!«l| 


142] 


Waiter 


INTRODUCTION 

The  TPS  of  the  Space  Shuttle  orbiter  consists  of  some  35,000  reusable  surface  insulation  (RSI) 
silica  tiles  bonded  to  an  aluminum  alloy  structure.  The  bonding  of  these  delicate  tiles  requires 
extreme  precautions,  and  damage  to  tiles  is  to  be  expected.  Furthermore,  during  flight,  friction  and 
convection  from  the  hot  and  highly  energetic  flow  field  surrounding  the  spacecraft  are  likely  to 
create  severe  problems  for  the  TPS  system.  These  two  main  factors  were  independently  well  known 
when  the  TPS  concept  was  defined.  However,  it  was  not  until  later  that  the  coupling  of  the  pressure 
gradient  (or  skin  friction  coefficient  gradient)  with  the  heat  fluxes  into  the  tile  gaps  was  found  to 
be  a  crucial  test  for  the  TPS. 

The  purpose  of  this  paper  is  to  present  the  problem  for  a  typical  location  where  high  pressure 
gradients  exist  during  entry,  i.e.,  the  bottom  fuselagr  under  the  influence  of  body  flap  deflection. 
Once  the  problem  is  defined,  the  impact  of  quick  and  approximate  solutions  is  assessed,  showing  a 
very  heavy  penalty.  A  more  rigorous  solution,  whose  excellent  correlation  with  experimental  data 
is  promising  for  flight  application,  is  then  introduced.  The  results  of  the  Shuttle’s  first  flight,  STS-1, 
have  proven  that  the  heavy  burden  resulting  from  the  approximate  solutions  was  unnecessary. 

I.  THE  INFLUENCE  OF  PRESSURE  GRADIENT  ON  TILE  GAP  HEATING 

The  Space  Shuttle  orbiter  has  a  complex  geometry,  and  no  exact  solutions  are  presently 
available  to  compute  the  flow  field  surrounding  the  vehicle  during  flight,  making  it  impossible  to 
predict  the  actual  aerothermodynamic  environment  with  a  single  program  code.  Instead,  a  step  by 
step  approach  is  followed  using  Descartes’  methodology.  First,  an  aeroheating  environment  is 
defined  assuming  the  orbiter  is  a  smooth  body  (no  gaps,  steps,  or  cavities).  Then,  the  influence  of 
“roughnesses”  is  added  on. 

Figure  1  shows  a  typical  distribution  of  orbiter  isotherms  computed  for  a  smooth  surface,  and 
Figure  2  shows  the  actual  orbiter  and  its  tiles.  Strong  pressure  gradients  will  allow  the  flow  to 
circulate  throughout  the  many  tile  cavities  and  gaps;  some  of  the  wall  temperatures  are  already 
marginal,  and,  therefore,  problems  are  to  be  expected. 

Figure  3  shows  the  thermal  insulation  as  it  exists  and  the  tolerances  presently  allowed  for  gap 
criteria.  Actual  size  panels  of  different  tile  combinations  have  been  tested  in  NASA’s  Ames 
Research  Center  (ARC)  tunnels  under  pressure  gradients  similar  to  those  encountered  in  flight,  and 
a  parametric  study  has  shown  that  it  is  a  combination  of  pressure  and  pressure  gradients  that  is 
producing  excessive  gap  heating.  This  can  be  understood  when  one  considers  that  a  driving  pressure 
is  necessary  to  pull  the  flow  through  the  minigaps  of  the  structure.  It  should  be  noted  that  the 
pressure  gradient  can  be  either  positive  or  negative. 

Figure  4  summarizes  the  analysis  and  the  correlation  and  its  application  to  the  Space  Shuttle. 
A  coefficient,  G,  combining  the  pressure  gradient  and  the  driving  pressure  has  been  defined,  and  its 
influence  on  the  gap  heating  with  and  without  pressure  gradient  is  shown  in  Figure  5  as  a  function 
of  the  gap  depth  for  a  0.030-inch  gap  width.  In  the  range  of  interest,  the  gap  heating  rates  can 
increase  by  more  than  one  order  of  magnitude.  Furthermore,  since  most  of  the  tile  sides  are  not 
coated,  excess  heat  rates  and,  thus,  heat  loads  of  such  an  extent  will  have  catastrophic  results  on  the 
strain  isolator  pad  (SIP)  and  structure. 
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II.  INFLUENCE  OF  BODY  FLAP  DEFLECTION  ON  FLOW  SEPARATION 

This  section  describes  the  influence  of  body  flap  deflection  on  gap  heating.  The  geometry  of 
the  bottom  fuselage  with  its  body  flap  deflected  can  be  compared  to  a  curved  plate  with 
a  downstream  wedge  (see  Figure  6).  Shock  waves  are  generated  at  separation  and  reattachment, 
producing  a  strong  rise  in  static  pressure.  Two  strong  pressure  gradients,  both  positive,  are  present, 
separated  by  a  so-called  “plateau  pressure.”  Each  gradient  is  driven  by  a  different  pressure  level  and 
will  provide  different  values  for  G.  The  analysis  will  focus  on  the  determination  of  the  aeroheating 
pressure  coefficient,  G,  created  by  such  a  configuration.  It  must  be  remembered  that  the  subgroup 
[dp/dx  y/  Pmax]  is  of  interest,  and  not  only  the  pressure  gradient. 

Figure  7  shows  the  sensitivity  of  the  pressure  rise  p  =  (p2/pl )  as  a  function  of  a  parameter  such 
as  wedge  angle,  Reynolds  number,  or  temperature  ratio  (wall-to-total)  at  a  given  Mach  number  for  a 
laminar  separation.  (Laminar  flow  is  studied  here  because  peak  heating  occurs  during  this  flow 
regime.)  Because  of  the  nature  of  the  parameters  playing  major  roles  in  the  analysis,  it  was 
suggested  that  the  boundary  layer  displacement  thickness,  6*,  would  be  a  plausible  factor  in  the 
calculation  of  the  dx,  and  an  empirical  analysis  showt  that  dp/dx  could  be,  for  sample  cases, 
approximated  by  dp/dx  =  (P2  -  pi )/ 10  5*.  The  choice  of  10  times  8*  has  been  determined 
by  empirical  analyses  based  on  a  significant  amount  of  experimental  data  for  wedges  and  cones. 
These  data,  available  upon  request,  are  limited  to  supersonic  Mach  numbers  below  Moo  =  6.0, 
where  no  real  gas  effects  behind  the  shock  exist. 

III.  CALCULATION  OF  THE  AEROHEATING  PRESSURE  GRADIENT  COEFFICIENT 

This  section  presents  the  results  of  an  approximation  of  dp/dx.  It  is  assumed  that  the  flow 
reattaches  at  the  trailing  edge  of  the  body  flap  (see  Figure  8).  Selecting  a  given  position,  X/L, 
of  separation  on  the  bottom  fuselage  and  assuming  a  2-D  wedge  flow,  the  pressure  rise  through 
the  shock  is  easily  computed  as  a  function  of  the  body  flap  deflection  angle,  and  8*  is  obtained 
by  some  well-known  relationship  (see  Figure  9). 

In  the  present  analysis,  the  integral  technique  is  used.  A  computer  program  for  HP  9020  has 
been  written  using  the  aerodynamic  parameters  derived  from  Rockwell  International’s  aerodynamic 
heating  program  so  that  the  resulting  G’s  will  be  consistent  with  the  aeroheating  analysis.  The 
results  of  the  integral  technique  (8*)  have  been  compared  with  finite  difference  solutions  for  a  few 
trajectory  times  and  was  shown  to  be  adequate  for  this  type  of  analysis. 

Figure  10  presents  the  variation  of  the  G  coefficient  for  two  extreme  trajectories  vs.  entry  time 
for  a  given  location  of  separation,  X/L  =  0.9.  It  can  be  seen  that  the  influence  of  the  trajectory 
is  meaningless.  The  influence  of  the  separation  location  (0.5  <  X/L  (0.9))  is  analyzed  next 
(approximation  1).  The  flow  model  is  presented  in  Figuit  11.  Again,  the  flow  is  supposed 
to  reattach  at  the  trailing  edge  of  the  body  flap,  but  separation  onset  is  arbitrarily  set  at  given 
X/L  locations.  The  farther  upstream  the  separation,  the  weaker  is  the  shock  created  and  the  higher 
is  the  G  coefficient.  (In  this  analysis,  large  G’s  mean  weak  pressure  gradients.) 

As  expected,  the  G  coefficient  is  shown  to  be  a  significant  parameter  ana  its  determination 
could  be  improved.  (That  is  the  reason  the  results  are  not  presented  here  but  are  available 
on  request.)  The  influence  of  the  body  flap  deflection  angle  illustrated  in  Figure  12  is  shown  to  be 
insignificant  in  the  range  of  deflection  to  be  used  during  entry.  Increasing  the  body  flap  deflection 
angle  increases  the  shock  strengths  and  the  plateau  and  reattachment  pressures,  but  the  results  are 
hardly  noticeable  because  of  the  limited  deflection  range  (14.6  <  6gp  <  20.6). 

A  better  approximation  (No.  2)  is  proposed  to  define  more  accurately  the  only  unknown 
as  yet,  the  separation  onset  location.  An  iterative  process  is  used,  and  of  the  restrictive  assumptions 
included  (perfect  gases,  flat  body,  etc.)  only  the  peak  heating  trajectory  point  was  computed 
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(Le„  T  =  850  seconds)  because  of  the  rather  long  calculations  involved.  The  results,  presented  in 
Figure  13,  show  that  separation  onset  would  occur  as  early  as  X/L  =  0.74,  or,  to  be  more  specific, 
all  tiles  downstream  of  the  main  landing  gear  would  experience  excess  gap  heating  problems  from 
peak  heating  to  landing  as  early  in  flight  as  T  =  800  seconds. 

Gap  filler  would  be  required  for  several  thousand  tiles  with  dramatic  consequences  such  as 
increased  weight,  increased  labor  costs,  and  significant  launch  delay.  This  solution  would  involve 
336  inches  of  the  fuselage’s  length  (0.26  x  1,293),  or  approximately  72  rows  of  tiles,  most  of 
them  on  the  wing. 

This  approach  was  dropped  because  of  the  lack  of  credibility  of  the  assumptions  involved. 
However,  the  problem  was  so  critical  and  the  flow  field  mechanics  so  poorly  known  that  a  new 
approach  had  to  be  defined.  What  was  learned  in  the  approximate  and  sometimes  crude  analysis  is 
summarized  in  the  following. 

1.  Trajectory  is  not  influenced.  Between  the  “weak”  STS-1  and  the  design  trajectories,  the 
aeroheating  pressure  gradient  coefficients  are  almost  identical. 

2.  Severe  G’s  are  encountered  as  soon  as  separation  occurs,  regardless  of  the  separation  angle 
and  the  upstream  Mach  number. 

3.  In  the  calculation  of  pressure  gradients,  the  10  times  6*  has  not  been  justified  for  the 
orbiter  boat  tail  configuration  within  the  range  of  flight  encountered.  The  comment 
applies  to  the  10  as  well  as  the  8*.  All  analysis  based  on  these  two  coefficients  have 
shown  severe  aeroheating  from  pressure  gradient,  causing  severe  penalties  for  the  TPS. 

4.  The  uncertainty  in  the  prediction  of  the  separation  onset  is  another  crucial  parameter. 
The  one  approximation  used  in  this  paper  has  shown  that  almost  one  fourth  of  the 
fuselage  would  require  gap  filler.  However,  the  assumptions  used  in  the  deviation  of  the 
analysis  are  very  restrictive  and  permit  the  repetition  of  the  conclusions  of  this  approach 
(cost,  weight,  delay). 

5.  A  quantitative  analysis  not  presented  here  has  shown  that  the  case  of  a  2-D  flat 
plate- wedge  model  was  very  conservative.  It  does  not  appear  that  the  actual  geometrical 
shape  could  ever  be  included,  but  more  recent  step  by  step  methods  could  include  the 
boat  tail  effect,  which  would  significantly  minimize  the  effect  of  the  shock  strength. 

6.  A  general  conclusion  is  that,  even  with  the  last  (less  conservative)  analysis,  pressure 
gradients  could  create  problems  as  early  as  T  =  850  seconds  during  entry. 

The  need  for  more  satisfying  methodology  is  obvious. 

IV.  CALCULATION  OF  THE  AERODYNAMIC  HEATING  PRESSURE  GRADIENT 

The  only  suitable  theoretical  approach  is  to  solve  the  exact  Navier-Stokes  equations.  Many 
models  exist  but  one  of  the  most  satisfying  has  been  developed  by  NASA  ARC.  It  can  be  modified 
to  include  the  boat  tail  geometry.  Only  one  month  was  allocated  for  the  analysis  so  the  results 
could  be  incorporated  in  STS-1. 

The  program  was  modified  very  quickly,  and  its  first  application  was  to  existing  oil  flow  wind 
tunnel  data  (OH  25-B)  where  separation  and  reimpingement  could  be  accurately  defined.  These 
tests  were  run  in  die  ARC  3.5-foot  tunnel  at  Moo  =  7.3  and  several  (Re/ft)  and  angles  of  attack. 
A  similar  pressure  test  (OH  25-A)  was  available  and  provided  the  input  conditions  necessary  to  run 
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the  program.  Six  wind  tunnel  cases  were  analyzed:  three  angles  of  attack  at  2  (Re/ft)  each. 
Figure  14  presents  the  results  for  a  =  40  degrees  (2  Re/ft),  and  compares  theory  with  experiment. 
The  comparison  is  excellent  for  all  cases  analyzed  and  gives  great  confidence  for  the  flight  analysis. 

Four  trajectory  time  cuts  were  computed: 

T  =  500,  700,  900,  and  1,200  seconds 

The  starting  conditions  such  as  P  at  X/L,  6*,  Me  were  defined  theoretically.  Convergence  to  the 
exact  solution  should  be  quick,  considering  that  the  starting  condition  (X/L  =  0.8)  was  selected 
well  upstream  of  the  disturbance  created  by  the  onset  of  separation.  The  results  are  shown  in 
Figure  15.  As  expected  [dp/dx  V  P 1  is  a  significant  function  of  time. 

The  very  interesting  feature  of  the  solution  is  that  separation  occurs  almost  at  the  hingeline, 
contrary  to  the  previous  approaches.  It  is  assumed  that  the  introduction  of  the  boat  tail  shape  into 
the  solution  has  provided  the  significant  relief  expected.  With  the  present  results,  only  the  two 
rows  of  tiles  upstream  of  the  hingeline  are  affected  by  separation. 

In  order  to  assess  the  sensitivity  of  the  parameters  of  the  product  [  v'  pmax  dp/dx],  four 
different  cases  were  computed  for  which  all  input  parameters  such  as  6*,  Cp,  Cy  were 
dramatically  changed.  The  results  of  this  error  analysis  show  that  the  G  factor  is  only  affected  by 
±7  percent  when  these  parameters  are  modified  (see  Figure  16).  This  can  be  explained  by  the 
extremely  fast  convetgence  of  the  present  computer  code.  Even  though  the  “starting  conditions”  at 
X/L  =  0.8  are  voluntarily  offrange,  the  program  converges  extremely  fast  to  the  correct  solution, 
and  when  separation  occurs,  the  previous  history  of  the  flow  has  been  damped  and  accounted  for. 

Accordingly,  it  was  decided  that  only  two  rows  of  tiles  upstream  of  the  hingeline  will  be 
affected  by  separation  and,  as  a  consequence,  have  their  gaps  filled.  This  is  a  dramatic  improvement 
when  compared  with  the  70  or  more  rows  of  tiles  previously  incriminated. 

During  the  Navier-Stokes  analysis,  a  memo  by  Jimmy  Carter  of  ARC  was  discovered  and 
analyzed.  In  this  report,  experimental  data  about  pressure  distribution  on  wedges  in  the  separation 
region  at  Moo  up  to  6.06  have  been  collected  and  plotted.  The  range  of  wedge  angle  is 
5  <  aJJ,  <  11  and  the  range  of  the  Reynolds  number  is  1.35  x  10^  <  *5  1.01  x  10$. 

After  a  transformation  of  variables  based  on  the  free  interaction  model,  it  is  shown  that,  in  the 
P  and  X  plane(P  and  X  being  defined  in  Figure  17),  the  scattering  is  reduced  and  all  data  points 
seem  to  follow  one  single  curve  where  a  dP/dX  =  1.8  can  be  easily  identified. 

The  calculation  of  the  coefficient  G  (x)  can  be  made  and  compared  with  the  Navier-Stokes 
solution  previously  obtained  by  writing  that 

dX/dx 

dp/dx  =  dp/dP  dP/dX  dX/dx  =  1.8 - 

dP/dp 

with  dX/dx,  dP/dp  and  P  and  X  =#;  [p,  x,  X,  6*  . . .]  according  to  flight  conditions  and  the  free 
interaction  model.  The  results  are  presented  in  Figure  18.  The  correlation  is  impressive  even  though 
the  two  logics  are  so  widely  different. 

Flight  test  results  are  shown  in  Figures  19  and  20.  It  can  be  seen  that  no  tile  damage  is  visible 
upstream  of  the  hingeline.  Figure  19  shows  th.  main  landing  gear  door  locations.  Note  the  number 
of  rows  of  gaps  to  be  filled. 
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V.  CONCLUSION 

The  conclusions  are  summarized  below. 

•  No  correlation  has  been  found  between  dp/dx  and  any  boundary  layer  thicknesses. 
A  statistical  analysis  has  been  conducted  where  5,  5*,  and  6  were  compared  with  the  dx 
in  dp/dx  as  predicted  by  the  Navier-Stokes  solutions.  As  of  now,  no  empirical  or 
mathematical  relationships  have  been  found.  This  could  be  because  the  various  boundary 
layer  thicknesses  are  not  related  to  the  pressure  gradient  or  other  parameters  (not  yet 
included)  should  be  inserted. 

•  As  for  the  G  coefficient  or  [dp/dx  \/  p]  a  good  correlation  exists  between  the  free 
interaction  model  and  the  solution  of  the  Navier-Stokes  equations.  A  simple  computer 
program  has  been  written  that  can  compute  G  for  any  trajectory  within  a  few  minutes. 

•  The  location  of  separation  onset  is  less  severe  for  flight  cases  than  for  wind  tunnel  cases 
at  iso-Reynolds  number  (per  length  or  per  foot).  This  could  be  attributed  to  the  fact 
that  the  energy  level  (enthalpy)  is  much  greater  in  flight  than  in  the  wind  tunnel. 

•  Sophisticated  solutions  predict  less  severe  separation  onset  and  pressure  gradient  effects 
than  could  be  predicted  by  less  rigorous  analysis.  It  is  assumed  that  these  solutions  are 
based  upon  experimental  wind  tunnel  data  that  are,  as  previously  explained,  more 
conservative  than  flight  data. 

•  It  has  not  yet  been  possible  to  correlate  quantitatively  the  flight  data  to  the  theoretical 
predictions  because  not  enough  pressure  data  are  available  from  flight  to  define  a  good 
pressure  variation  and,  thus,  a  good  value  of  the  pressure  gradient. 

•  However,  a  good  qualitative  correlation  exists  for  the  prediction  of  the  separation 
location  onset. 


Figure  1.  Orbiter  isotherms  -  design  trajectory 
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Figure  2.  Typical  tile  distribution  on  wind  side  fuselage 
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Figure  4.  Gap  heating  data  analysis,  correlation,  and  application 
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Figure  9.  Determination  of  A * 


Figure  10.  Variation  of  G  due  to  separation  during  entry 
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Figure  12.  Variation  of  C  due  to  separation  during  entry 
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Figure  14.  Analysis  of  OH  25B  test 


Figure  15.  Actual  trajectory  case  no.  80701.14 
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Figure  16.  Analysis  of  the  flow  parameters  on  an  actual  flight 
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CHEMICAL  KINETICS  STUDIED  BY  VACUUM-UV  SPECTROSCOPY 
IN  SHOCK  TUBES 

Th.  Just 

DFVLR-Institut  fur  Physikalische  Chemie  der  Verbrennung 
Pfaffenwaldring  38,  7000  Stuttgart  80 


The  study  of  elementary  chemical  reactions  at  elevated 
temperatures  is  greatly  improved  when  the  shock  heating  of  a 
reactive  gas  is  combined  with  a  very  sensitive  technique  of 
species  detection.  Atomic  resonance  absorption  spectrometry, 
ARAS,  is  such  a  technique.  For  example,  it  allows  the  de¬ 
tection  of  relatively  low  concentrations  of  H  and  O  atoms 
behind  reflected  or  incident  shocks. 

The  generation  of  the  absorption  signals  with  a  signal  to 
noise  ratio  on  the  order  of  10  or  better  was  found  to  re¬ 
quire  initial  concentrations  of  only  a  few  ppm  of  the  re¬ 
acting  molecule.  The  advantages  offered  by  such  a  low  re¬ 
actant  concentration  are  obvious.  The  low  initial  concen¬ 
tration  minimizes  temperature  changes  caused  by  the  heat  of 
reaction  to  a  negligible  scale.  Thus,  chemical  reactions  can 
be  studied  under  isothermal  conditions.  In  addition,  the  in¬ 
terpretation  of  the  process  under  investigation  is  often 
greatly  simplfied.  As  a  result  of  the  low  initial  concen¬ 
tration,  many  Subsequent  radical-radical  reactions  proceed 
very  slowly  during  the  first  100  to  200  ysec. 

The  paper  includes  a  discussion  of  the  necessary  cali¬ 
bration  procedures  for  H  and  0  atoms,  as  well  as  a  survey 
of  some  results  which  were  obtained  by  the  ARAS  method. 
Finally  it  contains  also  some  information  about  the  use  of 
strong  vacuum-ultraviolet  absorption  bands  of  molecules 
for  obtaining  additional  kinetic  information.  However, 
higher  reactant  concentration  levels,  on  the  order  of 
50  to  200  ppm,  are  necessary  for  such  experiments. 


1 .  INTRODUCTION 


The  combination  of  shock  heating  of  a  reacting  gas  mixture  with  a  sensitive 
technique  for  species  detection  offers  great  advantages  for  the  study  of  se¬ 
lected  elementary  reactions  at  elevated  temperatures.  Atomic  resonance  ab¬ 
sorption  spectrometry  (ARAS)  has  been  known  for  a  long  time  as  a  very  sensitive 
technique  for  concentration  measurements  in  the  range  of  10**  to  10*^  atoms 
per  cm^.  To  generate  these  concentrations  by  chemical  reactions,  generally  at 
temperatures  above  1800  K,  initial  concentrations  of  the  reactants  on  the  order 
of  50  to  1  ppm  are  required. 
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These  low  initial  concentrations  minimize  the  temperature  changes 
caused  by  the  heat  of  reaction  under  study.  For  example,  the  temperature  be¬ 
hind  a  reflected  shock  can  be  considered  as  practically  unaffected  by  the 
chemical  process.  The  initial  temperature  and  its  constancy  during  the  utilized 
measuring  time  depend  solely  on  the  hydrodynamics  of  the  used  shock  tube. 

The  carrier  gas  commonly  used  in  such  experiments  is  Ar  with  only  traces 
of  reactants.  Within  measuring  times  of  about  200  to  600  usee  we  can  expect 
practically  constant  temperatures.  In  a  properly  designed  shock  tube  typical 
temperature  changes  on  the  order  of  1%  in  Ar  were  found. 

The  combined  ARAS  and  shock  tube  technique  is  very  well  suited  for 
studying  dissociation  kinetics  of  two-atom  molecules  for  which  it  was  developed 
first  in  the  past.  However,  it  soon  turned  out  that  the  advantage  of  performing 
experiments  with  very  low  initial  concentrations  is  particularly  important, 
when  more  complex  reactions  of  polyatomic,  in  particular  small  hydrocarbon 
molecules  are  considered. 

For  example  in  pyrolysis  experiments  the  low  initial  hydrocarbon  concen¬ 
tration  allows  one  to  distinguish  between  the  primary  process  of  the  H-atom 
abstraction  and  the  secondary  reactions  of  the  generated  H-atom  and  radical  with 
the  original  molecule.  In  the  case  of  H-atom  abstraction  we  expect  for  a 
distinct  time  interval  a  linear  increase  of  H-atoms  with  time. 

If  the  primary  step  is  not  a  H-atom  abstraction,  then  the  system  may 
generate  H-atoms  in  a  secondary  reaction.  In  this  case  we  will  observe  under 
carefully  selected  experimental  conditions  quite  a  different  H-atom  profile 
with  dH/dt  =  O  for  t  *  0.  So  the  two  general  types  of  primary  dissociation  can 
very  easily  be  distinguished. 

Due  to  the  low  initial  concentration  generally  the  contribution  of  re¬ 
combination  reactions  and  of  many  secondary  or  tertiary  bimolecular  radical- 
radical  reactions  is  minimized  in  the  first  200  to  600  usee.  The  immediate  gain 
is  a  considerably  simplified  interpretation  of  the  chemical  kinetics  of  the 
investigated  system. 

Since  N2O  splits  off  an  oxygen  atom  very  fast  at  temperatures  above 
1800  K,  mixtures  of  N2O  with  a  hydrocarbon  can  be  used  to  study  the  primary 
reactions  of  oxygen-atoms  with  the  hydrocarbon  molecule.  In  this  case  measure¬ 
ments  of  the  time  dependent  profiles  of  oxygen  -  as  well  as  hydrogen-atoms  - 
are  necessary. 

The  recording  of  the  H  or  0-atom  profiles  needs  a  vacuum-uv  spectrometer. 
Such  an  instrument  together  with  suitable  light  sources  enables  it  also  to 
perform  experiments  at  selected  vuv  absorption  bands  of  molecules.  For  example, 
some  hydrocarbons  have  in  the  accessible  wavelength  range  of  vuv  spectrometers 
fairly  strong  absorption  coefficients  on  the  order  of  10®  to  3xl07cn>2/mol 
under  standard  conditions.  This  can  be  exploited  for  additional  experiments  in 
which  under  favourable  conditions  information  about  the  sum  of  all  primary  de¬ 
cay  processes  can  be  gained. 

2.  EXPERIMENTAL  ARRANGEMENTS 

Most  research  groups  applied  the  ARAS  or  vuv  band-absorption  technique 
to  reactions  which  were  started  behind  reflected  shocks,  since  the  temperature 
profile  behind  reflected  shocks  is  usually  of  better  quality. 
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2.1.  THE  SHOCK  TUBE 

In  particular  for  performing  experiments  with  H  or  O-atom  detection  great 
care  has  to  be  taken  on  the  construction  of  a  tight  shock  tube  and  auxiliary 
vessels  with  clean  inner  surfaces.  Traces  of  pump  oil  or  organic  material  from 
ordinary  gaskets  cannot  be  tolerated  since  these  materials  can  be  the  source 
of  unwanted  and  sometimes  uncontrollable  contributions  to  the  measured  H-atom 
concentrations . 

We  found  an  average  tightness  of  5  x  10“®  torr* liter-sec  *  for  the 
storage  tank  and  about  0.1  to  1  x  10“®  torr • liter- sec“l  for  the  shock  tube 
tolerable  for  the  application  of  the  ARAS  technique. 

Facilities  for  baking  the  shock  tube ,  storage  tank  and  all  connecting 
tubes  are  in  most  cases  helpful  and  in  some  applications  essential.  The  latter 
is  true  for  studies  with  molecules  which  are  adsorbed  easily  by  the  walls. 
Examples  are:  SO2 ,  H2CO,  CH3OH,  NH3,  C4H2.  Further  general  aspects  of  shock 
tube  construction  in  connection  with  the  ARAS -technique  are  discussed  in 
References  (1)  to  (3). 

2.2.  GAS  MIXTURES 

Most  important  for  the  ARAS  technique  is  the  use  of  Ar  with  the  highest 
available  purity.  Good  results  can  be  obtained  with  Ar  which  contains  less 
than  0.006  ppm  H2  and  hydrocarbons. <  1  ppm  of  water  and  0.4  ppm  of  air.  At 
densities  of  about  1  x  10~5  mol -cm- 3  behind  the  reflected  shock  and  tempera¬ 
tures  of  about  2800  K  not  more  than  3-1011  H-atoms  cm- 3  were  produced  by  the 
residual  impurities. 

Experiments  at  higher  densities  usually  require  further  purification  of 
the  Ar.  We  would  propose  for  experiments  under  such  conditions  to  pass  the  Ar 
through  selected  molecular  sieves  at  dry  ice  (CO2)  temperature.  Experiments  in 
this  direction  are  presently  in  progress  in  our  laboratory. 

The  admixed  test  gases  should  be  of  high  purity  too.  However,  here  the 
standards  may  be  somewhat  less  stringent,  since  the  needed  relative  concen¬ 
trations  of  the  test  gases  is  in  most  cases  less  than  50  ppm. 

2.3.  SPECTROSCOPIC  ARRANGEMENTS 

Windows  of  MgF2  near  the  end  flange  of  the  shock  tube  have  proven  well 
•suited  for  the  vuv  technique.  They  are  little  affected  by  solarization  by  the 
high  energy  quanta  in  the  wavelength  range  between  1200  to  1400  8.  The  trans¬ 
mission  of  MgF2  is  satisfactory  down  to  1200  8  with  a  corresponding  trans¬ 
mission  of  40%  at  a  window  thickness  of  1.5  mm. 

2.4.  LIGHT  SOURCES 

As  light  sources  for  the  ARAS  technique  microwave-driven  discharges 
in  He  with  traces  of  H2  or  O2  are  well  qualified.  Typical  operation  conditions 
of  such  lamps  are:  5  torr  total  pressure  and  microwave  power  between  50  to 
100  W  at  2.45  GHz.  The  discharge  tube  is  usually  connected  directly  to  the 
shock  tube  window.  The  He  should  enter  the  discharge  tube  near  the  shock  tube 
window  and  should  flow  slowly  in  the  direction  of  the  microwave  antenna.  This 
approach  will  reduce  self absorption  effects  by  atoms  in  the  cold  layer  bet¬ 
ween  the  discharge  and  the  shock  tube  window. 

A  systematic  research  in  particular  on  the  properties  of  Lyman-(d)-sources 
was  undertaken  by  Lifshitz,  Skinner  and  coworkers  (4),  (5),  see  also  Ref.  (3). 
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When  to  the  carrier  gas  lb  traces  of  N2,  CO2  or  CH4  are  added,  we  were  able 
to  excite  a  great  variety  of  atomic  lines  and  molecular  bands  in  the  spectral 
range  between  1200  and  1700  8.  Selected  emissions,  which  exhibited  a  good  long 
term  stability,  were  used  for  vuv  band  absorption  experiments.  Excitation  of 
Xe(I)  at  1469  8  enabled  measurements  with  SO  (8).  Excitation  of  H2  gave  strong 
emission  around  1608  8  which  can  be  used  for  absorption  experiments  with  C2H,j( 9) . 

Other  light  sources  for  vuv  absorption  experiments  behind  shocks  were  des¬ 
cribed  for  example  by  Patch  (6):  H2  Werner  transitions  around  1150  8,  and  by 
Appleton  (7):  N2  transitions  around  1176  8. 

2.5.  SPECTRAL  FILTERING 

The  use  of  a  vuv  spectrometer  has  many  advantages  over  spectral  filters, 
but  one  disadvantage  is  the  relatively  poor  transmission  at  wavelengths  around 
1200  8.  For  chemical  kinetic  research  in  the  vuv  spectral  region  a  spectrome¬ 
ter  is  essential,  however  at  the  L(a)  wavelength  a  spectral  filter  earn  be  used 
favourably.  A  spectral  filter  for  D(a)  radiation  based  upon  a  combination  of 
O2  transmission  and  the  quantum  efficiency  of  the  used  photocathode  was  des¬ 
cribed  by  Appleton  and  Appel  in  Ref.  (2).  The  residual  transmission  of  the 
filter  for  radiation  other  than  H(a)  or  D(a)  was  reported  to  be  on  the  order 
of  2%.  This  agrees  well  with  our  own  experience. 

The  advantage  of  such  a  filter  is  the  much  higher  transmission  rate  which 
improves  the  time  resolution  or  signal  to  noise  ratio  of  the  equipment*  How¬ 
ever,  in  studying  hydrocarbon  reactions  it  was  often  found  necessary  to  take 
into  account  the  time  dependent  absorption  by  molecules  exactly  at  the  L(a) 
wave  length.  This  occasional  contribution  to  the  measured  total  absorption  is 
difficult  to  determine  exactly  with  a  simple  spectral  filter.  With  a  vuv  mono¬ 
chromator  these  important  data  can  be  obtained  fairly  accurately  when  the  ab¬ 
sorption  of  the  disturbing  molecules  is  determined  at  the  wave  length  of  the 
D(a)  lines. 

In  principle  a  similar  method  can  be  used  at  other  wave  lengths.  For 
example,  when  O-atom  absorption  is  studied.  No  example  has  been  reported  up 
to  now.  It  may  be  difficult  to  find  in  practice  a  strong  emission  line  which 
is  near  enough  to  the  used  O-atom  triplet  around  1306  8. 

2.6.  Photo  Multipliers 

Solarblind  detectors  with  LiF  windows  have  been  proven  to  be  well  suited 
for  time  resolved  spectroscopy  in  the  wavelength  range  between  1150  to  1800  8. 

2.7.  SIGNAL  TO  NOISE  RATIO 

With  a  L(a)  source  driven  by  100  W  microwave  power,  a  McPherson 
Model  225-  lm  spectrometer  and  a  solarblind  photomultiplier  EMR  541  G-08-18, 
we  obtained  a  signal  to  noise  ratio  on  the  order  of  50  at  an  electronic  band 
pass  of  30  kHz.  The  time  resolution  given  by  the  optical  arrangement  is  in  our 
experiments  typically  about  20  to  25  ysec.  This  is  sufficient  for  most  experi¬ 
ments  in  a  temperature  interval  between  1600  to  2800  K.  When  a  spectral  filter 
for  the  H(a)  line  is  used,  the  time  resolution  cm  be  inproved  to  a  few  usees 
at  a  signal  to  noise  ratio  of  about  1000.  See  reference  (2). 

3.  CALIBRATION  PROCEDURES 

Since  it  is  difficult  to  determine  the  exact  emitted  line  profile  of  a 
discharge  lamp,  it  is  not  possible  to  calculate  with  good  accuracy  the  needed 
calibration  curves,  which  connect  absorption  with  concentration.  Attempts  in 
this  direction  have  been  made. They  are  reviewed  in  Ref.  (3).  Ur'  now  it  is 
necessary  to  perform  separate  calibration  experiments  for  H  and  0  atoms. 


Just 


|58| 


3.1.  HYDROGEN  ATOMS 

The  H2~dissociation  may  be  considered  as  well  known  in  the  temperature 
range  between  2500  to  4000  K.  Three  independent  experimental  works  gave  rate 
coefficients  for  H2-Ar  which  agree  well  within  20%  deviation  between  the 
lowest  and  the  highest  value  at  a  given  temperature.  See:  (6)^  (1),  (10). 
Difficulties  arise  when  calibration  at  lower  temperatures  such  as  2500  K,  be¬ 
comes  necessary.  One  possible  method  is  to  exploit  the  fast  dissociation  of 
N2O  and  the  production  of  H-atoms  through  the  reactions:  0  +  H2  ■*  OH  +  H, 

OH  +  H2  -*■  H2O  +  H  by  mixtures  of  N2O  with  H2. 

We  prefer  mixtures  containing  about  50  to  200  ppm  H2  and  a  few  ppm  N2O. 

At  temperatures  above  2200  K  we  obtain  with  such  mixtures  2  H-atoms  per  N2O 
molecule.  It  is  therefore  possible  to  check  the  calibration  by  H2  dissociation 
with  this  independent  simple  and  very  accurate  method  at  T  >  2200  K.  At  lower 
temperatures  it  is  necessary  to  use  computer  modeling  with  known  rate 
coefficients  in  particular  for  the  N2O  decay.  Fortunately,  in  the  temperature 
range  from  2000  to  2500  K  these  coefficients  seem  to  be  known  also  fairly 
accurately.  However,  at  present  some  inconsistencies  exist  for  the  N2O  de¬ 
composition  at  temperatures  lower  than  1800  K.  See  Ref.  3.  We  based  our  cali¬ 
bration  on  results  reported  by  Olschewski  et  al  (11)  and  our  own  measure¬ 
ments  (12)  which  agreed  very  well  with  the  results  of  Ref.  (11). 

In  principle  it  is  also  possible  to  use  mixtures  of  large  excess  of  N2O 
over  H2  or  D2-  Such  mixtures  N2O  >  D2  for  D-atom  experiments  were  used  by 
Appel  and  Appleton  (2) .  Great  care  has  to  be  taken  when  this  method  is  applied 
to  N2O/H2  mixtures  because  here  the  large  excess  of  generated  O  atoms  may  also 
produce  H-atoms  by  the  two  fast  side  reactions  with  water  and  OH:  0+  H20  ■*  20H, 
O  +  OH  -*■  O2  +  H.  According  to  our  experience  water  may  be  present  in  our  shock 
tube  in  relative  concentrations  in  the  range  between  0.1  to  0.3  ppm.  Computed 
examples  for  the  additional  H-atom  production  are  shown  in  Fig.  1.  The  coin¬ 
cidence  with  the  measured  H-atom  profile  is  good. 


Contribution  of 


Fig.  1.  N2O  in  Ar.  L(a).  Additional 
H-atom  production  by  O+H2O  reactions. 

•  measured;  —  computed  with  assumed 
H2O  concentrations.  See  text- 


Fig.  2.  Typical 
for  H-atoms. 


calibration  curves 
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In  Fig.  2  we  show  examples  of  calibration  curves  obtained  by  H2  dissociation 
and  H2/N2O  mixtures  with  H2  in  excess. 

3.2.  OXYGEN  ATOMS 

At  temperatures  above  2200  K  N2O  dissociation  at  a  typical  total  density 
of  1  x  lO-5mol'cm"3  is  so  fast  that  a  steady  state  concentration  of  0-atoms  is 
achieved  within  about  200  psec.  At  lower  temperatures  the  calibration  needs 
the  kinetics  of  the  N2O  dissociation.  This  is  a  simple  matter  under  the  ex¬ 
perimental  conditions  with  a  few  ppm  to  about  50  ppm  initial  relative  con¬ 
centration  of  N20,  since  subsequent  reactions  like  0  +  N2O  -+  N2  +  O2/2NO 
are  known  to  be  slow  and  are  unimportant  at  such  low  N2O  concentrations.  Re¬ 
combination  of  0-atoms  can  be  safely  neglected  in  the  typical  time  scale  of 
400  to  600  psec. 

3.3.  ABSORPTION  COEFFICIENTS  OF  SELECTED  MOLECULES  IN  THE  VUV  SPECTRAL  REGION. 

There  exist  only  sparse  informations  on  quantitative  data  for  absorption 
coefficients  of  hydrocarbons  and  other  molecules.  During  the  course  of  our  work 
we  had  to  determine  some  absorption  coefficients  which  are  given  in  T  '±>le  1 . 
Data  at  L(a)  and  the  0-lines  are  needed  for  the  proper  consideration  of  mo- 
cule  absorption  at  the  atomic  resonance  lines.  Other  wavelengths  were  checked 
in  order  to  find  absorption  bands  of  molecules  undisturbed  by  conceivable  re¬ 
action  products.  In  the  cases  of  N20,  C2H4,  C2H2  we  found  the  reported  wave¬ 
lengths  in  Table  1  at  which  little  or  no  contributions  of  reaction  products 
could  be  observed.  We  assume  that  short  lived  intermediates  never  reach  such 
a  concentration  which  may  be  the  cause  of  an  interference.  This  assumption  is 
plausible  but  in  practice  sometimes  difficult  to  verify. 


Table  1 

VUV-Absorption  Coefficients  in  10~17cm2/molecule 
Shock-Tube-Measurements  by  P.  Frank 


8 

CH  , 

4 

C2H6 

C2H4 

c2h2 

C4H2 

n2o 

°2 

Lamp 

gas 

He+y% 

Slit 
width 
in  p 

L  (a) 

2. 0/1. 9 

2.9 

2.9 

7. 3/3.6 

2.7 

0.5/1. 1 

a 

1%H2 

8O*3 

O-tripl 

1.8/1. 5 

2.8 

n.m. 

3. 1/4. 2 

4.1 

7.5 

0.05 

1%02 

80 

1282 

n.m. 

n.m. 

n.m. 

n.m. 

n.m. 

9.9 

n.m. 

2%C02 

600 

1560 

0 

0.09 

2. 2/2. 2 

0.41/0.45 

n .  m. 

n.m. 

n.m. 

2%C02 

80 

1608 

n.m. 

<0.01 

2.8/2. 3 

0. 18/0.2° 

9.5d 

n.m. 

n.m. 

ioo%h2 

200 

Single  number:  T  =  300  K;  when  two  numbers  are  given  corresponds  the  first 
number  to  T  =  300  K,  the  second  number  to  T  =  1200-1700  K. 
n.m.:  no  measurement 

a:  7. 1x10_22xT-6.3x10"19  for  T:  1200  to  2300  K 
b:  McPherson,  Model:  225 

c:  slith  width:  1000  p  d:  slit  width:  400  p 

The  absorption  coefficients  are  given  within  +  15%  or  better. 
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4.  CHEMICAL  KINETIC  RESULTS 

Not  much  has  been  published  on  chemical  kinetics  research  using  the  combi¬ 
nation  of  shock  tube  and  vuv  molecular  band  absorption.  R.W.  Patch  (6)  seems  to 
have  been  the  first  who  has  performed  such  an  experiment.  He  studied  the  H2~ 
dissociation  following  the  absorption  of  light  around  1148  8  (Werner 
transition).  Later  Appleton  et  al  (14)  published  results  of  the  N2  dissociation, 
by  absorption  of  N2  around  1176  8.  A  fairly  strong  absorption  band  around 
1608  8  of  C2H4  has  been  exploited  by  Just  et  al  (9)  to  investigate  directly 
the  total  decomposition  of  C2H4. 

Recently  the  vuv  method  became  more  attractive,  since  Myerson  and  Watt  (1)  have 
demonstrated  convincingly  the  advantages  of  the  ARAS  technique  in  combination 
with  a  shock  tube. 

The  much  more  sensitive  technique  of  atomic-resonance  absorption,  in  par¬ 
ticular  for  H  and  0  atoms,  allows  the  drastic  reduction  of  the  reactant  gas- 
concentration.  As  it  was  already  explained, the  utilization  of  very  small 
initial  concentrations  simplify  markedly  the  chemical-kinetic  interpretation 
of  the  experimental  results.  Under  typical  experimental  conditions  of  the  ARAS 
technique  only  primary  decay  steps  and  the  following  reaction  of  the  formed 
atom  and  radical  with  the  original  molecule  in  many  cases  need  to  be  con¬ 
sidered.  This  was  first  demonstrated  by  Roth  and  Just  (15)  on  the  pyrolysis  of 
methane  at  elevated  temperatures  above  1800  K.  The  ARAS  method  appears  in  par¬ 
ticular  very  well  suited  for  the  study  of  elementary  steps  of  normally  complex 
reactions,  as  they  occur  in  flames  for  example. 

4.1.  RESULTS  ON  PYROLYSIS  OF  MOLECULES.  L( a) -SPECTROMETRY 

The  pioneer  work  of  Myerson  and  coworkers  on  H2  (1) ,  0_  (16)  and  NO  (17) 
dissociation,  the  H  +  Oj  reaction  (1)  as  well  as  the  work  of  Appel  and 
Appleton  on  D2  dissociation  and  the  D  +  reaction  (2)  will  be  only  mentioned 
here.  For  H  +  02  and  D  +  C>2  see  also  Chiang  and  Skinner  (18).  We  will  focus  our 
attention  on  the  more  complex  mechanism  of  the  decay  and  reactions  of  poly¬ 
atomic  molecules. 

An  extremely  simple  mechanism  for  the  SO2  decay  could  be  verified  by 
Rimpel  and  Just  (8).  At  concentrations  lower  than  200  ppm  of  SO2  oxygen  atoms 
were  formed  only  by  SO2  +  M  ■+■  SO  +  0  +  M.  All  subsequent  conceivable  reactions 
turned  our  to  be  negligible  under  the  specificly  chosen  experimental  con¬ 
ditions. 

At  very  low  reactant  concentrations  on  the  order  of  a  few  ppm  we  may  in 
most  cases  neglect  the  bimolecular  reactions  of  the  original  molecule  with 
itself.  For  example,  in  L(a)  experiments,  2C2H2  -*■  C4H3  +  H  and  similar  re¬ 
actions  become  unimportant  as  H-producing  steps  (22). 

We  present  for  the  following  discussion  a  general  mechanism,  which  is 
typical  for  a  large  number  of  pyrolysis  reactions  under  the  conditions  of  an 
ARAS  experiment.  We  specify  this  for  the  sake  of  clarity  for  the  decay  of  a 
hydrogen  containing  molecule.  Rq-H  is  the  original  molecule,  P^  is  a  stable 
product,  R^  is  a  molecular  radical.  M  is  an  unspecified, nonreactive  collisional 
partner  in  decay  or  recombination  reactions. 
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I)  Initial  steps: 


II)  Immediate  subsequent 
reactions : 

Decomposition  of 
primary  radicals  R^: 

i  =  0,1,2 

Reactions  of  the  primarily 
formed  radicals  with  the 
original  molecule  R0-H: 

i  =  0,1,2 

III)  Reactions  which  often  can  be  neglected,  or  which  contribute  only 
at  later  stages  of  the  reaction: 

Thermal  decomposition  of  P^:  M  +  Pj  ^  H  +  R^ 

other  products 

Radical-radical  reactions  & 

like:  H  +  RQ  H2  +  P1 

rq  +  R^  H  +  products 

71j  other  products 

Recombination  #  0 

reactions  like:  H  +  RQ  +  M  -*•  RQ-H  +  M 

The  general  scheme  of  reactions  1  to  5  describes  with  excellent  approximation 
the  first  reaction  steps  of  the  following  systems: 

HCN  (19)  l  NH  (20,  21);CH.  (15);  CD4  (18);  C2H2  (22);  C2H4  (9);  C4H2  (22); 
H2CO  (23);  CH3  (33,  23,  and  this  text). 

All  these  systems  have  no  reaction  channel  lc  and  consequently  reactions 
of  Rq-H  with  R*j  and  R2  (4alf  4a2,  4b lf  4b2)  do  not  appear.  In  all  cases  it  was 
possible  to  find  experimental  conditions  under  which  only  steps  la  and 
eventually  lb  (C2H4;  H2CO)  were  dominant  through  the  first  100  or  200  usees. 

At  later  reaction  times  and  moderate  temperatures  mainly  3  or  4ao  with  R0 
were  found  to  contribute  to  some  extent  to  the  H-atom  profile,  so  that  these 
reactions  could  be  additionally  determined.  Generally  at  high  temperatures  an 
increasing  influence  of  5a  or  6  and  7a  could  be  observed.  The  systems  C2H2  and 
CH4  are  given  here  as  examples: 

M  +  C2H2  *5  C2H  +  H  +  M 

(H  +  C2h2  1  H2  +  C2H  ) 

c2h  +  c2h2  45°  c4h2  +  h  +  m 

M  +  C4H2  52  C4H  +  H  +  M 


M  +  R  -H  +  R  +  H  +  M 

o  o 


M  +  R£ 


P1  +  H2  +  M 
R*  +  R*  +  M 


2^i 


Pt  +  H  +  M 


other  products 


H  +  Rq-H 


R.  +  R  -H 
1  o 


-*■  H„  +  R^ 
2  O 

4ai 


4b  i 


H  +  products 
other  products 


(unimportant  under  experimental  conditions) 


Just 
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At  temperatures  above  2200  K  we  could  interprete  the  measured  H-atom  profile 
only,  when  reaction  5a  was  incorporated  in  the  reaction  scheme  (22)  .  A  marked 
acceleration  of  the  H-atom  production  through  4ao  could  also  unambiguously  be 
shown  by  us  (22).  For  CH.  (15)  we  observed  in  later  stages  of  the  reaction  at 
temperatures  above  2000  K  contributions  of  reactions  2ao: 

CH3  +  M  -*■  CHj  +  H  +  M  and  reactions  of  type  6:  H  +  CHj  -*■  H2  +  CH2  as  well  as 
7a, b:  2CH3  5  C2H5  +  H 

5  c2h4  +  h2 


However,  these  reactions  may  better  be  studied  under  specificly  selected  con¬ 
ditions.  See  below. 

Examples  for  a  strong  contribution  of  lb  additionally  to  la  are 
and  H2CO.  At  very  low  initial  concentrations  the  time  dependent  profile  of  the 
H-atom  concentration  is  practically  governed  by  the  combined  action  of  channels 
a  and  b.  An  instructive  example  is  given  in  Fig.  3,  where  it  is  demonstrated 
that  the  consumption  of  H2CO  by  channel  lb  reduces  the  formation  of  H(t) 
considerably. 


Fig.  3.  Decay  of  formaldehyde, 
x:  channel  is  open 
o:  channel  is  closed 
(A)  was  calculated  without  the  H2+CO 
channel,  (B)  includes  it.  HCO  decom¬ 
poses  very  fast  under  the  experimen¬ 
tal  conditions. 

•  measurements. 


cirrmol.s 


Chiang  and  Skinner  have  recently  published  data  on  the  decomposition 
of  CjHg  and  C3Dg  (24).  At  low  concentrations  the  H-atom  profile  was  solely 
determined  by  lc  and  2a2 : 

(M)  +  CgHg  CH 3  +  C2H5  +  (M)  and  C2H5  ^5^  02^  +  H.  Since  C2Hg-decomposes 

very  fast  in  the  time  scale  of  this  experiment,  the  H-atom  profile  gives  the 
rate  of  lc.  As  to  be  expected,  lc  was  found  not  far  from  the  high  pressure 
limit,  therefore  M  has  been  written  in  brackets. 

Now  the  fairly  complex  reactions  of  CH3  will  be  discussed  a  little  more 
in  detail,  because  the  potential  and  the  limits  of  the  L (a) -technique  can  be 
demonstrated  investigating  these  reactions. 
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According  to  the  work  of  Glanzer  et  al  (25)  C2Hg  decomposition  may  serve 
as  a  fast  and  clean  source  of  CH3  radical  production  at  temperatures  above  about 
1800  K.  It  is  easy  to  predict  the  decomposition  of  CH3  near  the  low  pressure 
limit,  when  for  example  the  theory  of  unimolecular  decay  for  the  case  of  weak 
collisions  is  applied.  The  most  useful  version  was  presented  by  Troe  (30). 

It  was  calculated  that  at  temperatures  lower  than  about  2200  K  and  initial  con¬ 
centrations  of  1  to  3  ppm  C2Hg  practically  no  H-atom  production  should  be  ob¬ 
served  in  our  apparatus.  This  was  later  confirmed  by  H-atom  measurements  of  the 
CH3  decay  at  very  low  initial  CH3  concentrations  (2  to  4  ppm)  and  temperatures 
above  2400  K.  (33,  22). 


Experiments  (26)  done  between  1800  K  and  2200  K  showed  a  fast,  and  within 
400  to  600  psec,  linearly  with  the  time  increasing  H-atom  production.  Further, 
it  was  found  that  the  H-atom  production  rate  depended  to  the  square  on  the 
initial  concentration  of  CH3 .  This  led  Roth  and  Just  (26)  to  the  following 
principle  reaction  scheme: 


M  +  C2H6 

2CH3  +  M 

(very  fast) 

(M  +  CH3 

2^1 

ch2  +  H  +  m) 

important  at  T  >  2200  K 

2ch3 

7a 

4 

C2H5  +  H 

7b 

-+ 

c2H4  +  H2 

7$ 

ch4  +  ch2 

H  +  CH3 

§ 

ch2  +  h2 

CH2  +  CH 

3* 

c2h4  +  H 

(very  fast) 

The  linear  increase  of  H-atoms  disregards  immediately  a  mechanism  based  solely 
on  7c  and  9,  since  in  this  case  H  isa  secondary  product  and  therefore  dH/dt 
should  start  with  zero  around  t  =  o.  Fig.  4.  When  assuming  the  back  reaction 
7c  :  CHt  +  CH4  -*•  2CH3  as  a  fast  one  with  a  rate  coefficient  on  the  order  of 
2  x  10“  cmVmol-sec  at  2000  K,  then  7c  cannot  be  faster  than  about 


3  x  10 


11 


n^/mol*sec  at  2000  K.  We  may  compare  7c  with  a  similar  H-atom  trans¬ 
fer  reaction:  O  +  CH4  -*•  OH  +  CH3,  which  has  around  2000  K  an  activation  energy 
of  about  14  kcal/mol.  Then  we  estimate  with  k^c  =  6  x  10^4exp(-7000/T)  and 
with  the  help  of  thermodynamics  a  value  for  k-7c  =  3.5  x  10*3exp(-9680/T) . 

Fig.  4  depicts  measurements  and  some  model  calculations. 


Fig.  4.  Reactions  of  the  CH3- 
radical. 

x  :  channel  is  open 
o:  channel  is  closed 
2CH3  C2H5  +  H  with  fast  decay 
of  C2H5  determines  the  H-atom 
production.  (B) 

•  measurements. 


M  ♦  CMj  —  CHj  *H*M 

0 

1 

X 

X 

2  CHj  —  C2H4  *  2H 

0 

X 

X 

X 

-  CjVHj 

0 

0 

X 

X 

— *  *  ch2 

0 

0 

0 

H  .  CH3  H2  •  CHj 

T1 

0 

0 

X 

CHj.CHj  —  C2H4.  H 

U 

0 

0 

X 

A 

B 

C 

0 

4  101* 

,  .  (H) 

Atomi/cm? 


6  ppm  CM3 


2000  K 
l  49  bar 


2 


4 


The  calculated  H-atom  profile  (A)  with  reactions  7c  and  9  looks  rather  different 
from  the  measured  one.  Even  when  increasing  the  estimated  values  k^  ,  k^c  by  a 
factor  3  the  agreement  becomes  not  better.  The  main  channel  for  H-a?om  pro¬ 
duction  must  be  channel  7a  with  a  fast  further  decomposition  of  C2Hg  into  ^2^4 
and  H.  Channel  7a  gives  a  linear  increase  of  H  with  time  (B) .  Inserting  re¬ 
actions  6  and  9  in  the  computer  scheme  has  practically  no  effect,  the  same  is 
true  for  reaction  7b.  9  was  measured  at  room  temperature  by  Laufer  and 
Bass  (28) ,  6  can  be  estimated  according  to  the  similar  reaction  H  +  CH^. 

7b  was  approximately  measured  by  Tsuboi  (29) .  Due  to  the  low  initial  concen¬ 
tration  of  CH3,  the  additional  reactions,  7b,  6,  9  have  practically  no  effect. 
The  computed  curve  (C)  is  indistinguishable  from  (B)  in  Fig.  4.  Results  for 
7a  at  low  CH3  concentrations  were  published  by  Roth  and  Just  (26) . 

The  situation  changes  drastically  when  experiments  at  higher  initial  CH3 
levels  are  performed.  Fig.  5  shows  an  experiment  with  40  ppm  initial  CH3 . 


Fig.  5.  Reactions  of  the 
CHj-radical . 
x:  channel  is  open 
o:  channel  is  closed 
Strong  influence  of 
2013-*  C2H4  +  Hp  can  be 
recognized.  (C) 

«  measurements 


M.CHj  —  CHj.H.mToTj  I  T! 

2CHj-»  CjH.2H  0  »  I  » 

—  CjHi-Hj  o  [o  «  x 

—•*  *  CHj  x  j  0  0  0 

H  .  CHj  —  H2  •  CH2  Vj  o"W 

oy  ch3  -  C2y  H _ 1  x  1  0  1  0  1  x  . 


to  ppm  CH3 
T  2057  K 
p  1  55  bar 


M 

Atoms/cm^ 


lci^>uwm 


Again  the  mechanism  7c,  9  fails  completely  to  describe  the  experimental  results. 
When  using  only  rate  coefficient  7a,  which  has  been  obtained  in  (26)  for  low 
CH 3-concentrations,  for  simulating  the  measured  H-profile,  curve  (B)  is  cal¬ 
culated.  The  overshoot  demonstrates  clearly  that  for  a  proper  fit  of  the  ex¬ 
perimental  points  some  other  CH3  consuming  mechanism,  which  does  not  produce 
H-atoms  must  be  active.  Inserting  a  coefficient  for  7b,  not  much  different 
from  Tsubois  value,  results  again  in  a  perfect  fit  of  the  measured  points  (C) . 
Thus  it  was  in  this  case  possible  to  conclude  independently  from  a  separate 
measurement  of  the  CH3  profile  that  channel  7b  must  be  open  and  contributes 
under  these  conditions  considerably.  Finally  we  are  left  with  the  possible 
contributions  of  6  and  9. 


It  is  reasonable  to  assume  that  the  rate  coefficient  for  9  would  be  on  the 


same  order  at  2000  K  as  it  was  found  by  (28)  at  300  K.  We  assumed  for 

2000  K  kQ  =  6-10*  which  is  the  value  given  in  (28).  k.  can  now  be  scaled  such 
— -  .  .  *  .  .  .  .  ...  _ .  . ,  . ,  o  .  ,  _ 


that  in  combination  with  kg  again  the  fit  with  the  experiments  is  perfect. 

This  led  us  at  2057  K  to  a  value  for  kg  of  2.2  x  10* 3cm3/mol.sec.  We  have 
evaluated  experiments  with  6  and  40  ppm  initial  CH3  concentration  between  1850 
and  2340  K.  All  experiments  could  be  simulated  with  a  fairly  good  fit  by  the 
following  rate  coefficients  (units:  cm3,  mol,  K) : 

k7a  =  8  x  1014exp(-13400/T)  (26) ?  k^  =  2.1  x  1014exp(-9690/T) ;  kg  *  6  x  lO1 3 ( 28) ; 
kfe  s  9  x  lO13exp(-760O/T);  k-  -  6.1  x  1015exp(-44910/T)  (23). 


k7c  <  6  to  7  x  10*  * 
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The  sum  of  k^  +  was  measured  by  Tsuboi  (29) .  Extrapolation  to  the 
temperatures  which^e  used,  gave  maximal  deviations  on  the  order  of  a  factor 
of  1 . 3  at  the  upper  end  of  his  temperature  interval  (T  =  2000  K) .  The  data 
given  here  for  k^,  kg  are  preliminary  values  because  we  have  not  yet 
finished  our  investigation,  but  the  absolute  values  are  very  probably  correct 
within  less  than  a  factor  of  1.5  to  2  in  the  investigated  temperature  range. 

The  limits  of  the  ARAS  technique  are  obvious  in  this  example.  The  channel 
7b  could  be  only  determined  indirectly  by  changing  the  initial  concentration 
of  CH^.  Conclusions  on  7b  would  become  more  reliable,  when  direct  measurements 
of  the  CH^  profile  under  the  same  conditions  were  possible.  Tsubois  (29) 

CH^  measurements,  although  performed  at  higher  concentrations  and  lower 
temperatures,  gave  us  more  confidence  for  our  conclusions  on  7b.  Our  model, 
together  with  C2Hg  decomposition,  seems  to  predict  his  results  fairly  well. 

4.2.  EXPERIMENTS  WITH  ABSORPTION  AT  L(a)  AND  THE  0-TRIPLET 
HYDROCARBONS  +  O. 

Shock  heated  N^O  may  serve  as  a  fast  and  clean  source  of  0  atoms  above 
about  1500  K.  Since  0  +  N20  -*•  products  is  a  slow  reaction,  we  expect  under  the 
typical  conditions  of  ARAS  experiments  with  ^0  <  100  ppm  no  interference. 
However,  when  H-atoms  are  formed  some  influence  of  H  +  N.,0  +  N,  +  OH  at  low 
temperatures  becomes  noticeable  (23).  Roth  and  Just  (27)  were  tne  first  to  use 
N2O  as  a  source  for  0  atoms  in  an  ARAS  experiment  to  study  a  more  complex 
hydrocarbon  -  o  atom  reaction.  They  investigated  the  reaction: 

0  +  CH4  -*■  CH3  +  OH.  The  interpretation  of  the  measured  O  and  H-profiles  was 
straight  forward,  since  only  one  reaction  channel  for  O  +  CH4  is  to  be  ex¬ 
pected. 

The  great  advantage  of  the  ARAS  technique  with  double  measurements  of  H 
and  O  profiles  became  apparent,  when  reactions  were  investigated,  which  showed 
a  multichannel  behaviour  of  0  +  hydrocarbon.  Again  a  simple  general  reaction 
scheme  can  be  used  to  facilitate  the  discussion.  Most  experiments  were  per¬ 
formed  with  N^/O-  hydrocarbon,  or  an  excess  of  the  hydrocarbon  over  N^O.  This 
ensures  that  in  most  cases  during  the  first  IOO  to  200  psecs  mainly  contri¬ 
butions  of  O  +  RqH  determine  the  0  and  the  H-profiles.  When  0  >  RQH  is  chosen, 
a  faster  increasing  contribution  from  secondary  reactions  will  be  observed. 


0  production: 

M  +  N20  -*• 

N2  +  0  +  M 

(H  +•  N20  ■+■ 

(May  be  important  . 
N2  +  OH)  T  <  1700  K  (23)) 

I) 

Primary  attack  of 

0- a toms  : 

la 

0  +  R  H 

O 

R  0*  +  H 

O 

l£i 

Rli  +  Pli 

lSi 

R2i  +  R3i 

II) 

Secondary  reactions 
with  0  : 

0  +  p  2*i 
li 

H  +  products 

2*i 

other  products 

j  =  0,1, 2, 3 

0  +  rV*!1 

3b^i 

H  +  products  (RqO  is  subsumed 
under  R^j) 

other  products 

Just 
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III)  Additional  reactions  like  the  thermal  decay  of  Rq-H ,  P^  ,  ,  the  reac¬ 

tions  of  H,0,  molecular  radicals  R*Q,  R*  ^  with  Rq-H  etc.  have  occasionally  to 
be  taken  into  account. 


In  many  cases  we  will  have  a  multichannel  type  of  reaction  1  to  expect. 

This  implies  through  the  multiple  secondary  reactions  2  and  3  a  considerable 
increase  of  reaction  paths  with  increasing  reaction  time.  This  could  make  the 
proper  interpretation  of  the  measured  H  and  0  profiles  in  particular  for  longer 
reaction  times  extremely  difficult.  Therefore  experiments  must  be  designed  so 
that  the  main  contribution  to  the  H  and  0  atom  profiles  is  to  be  expected  from 
reactions  1  and  only  little  from  2  and  3.  Extensive  computer  studies  are  often  un¬ 
avoidable  prior  to  performing  such  experiments. 


Simple  interpretation  of  experiments  was  possible  with  O  +  CH3  (23) .  In 
this  case  a  good  fit  was  obtained  assuming  only  channel  lb: 

0  +  CH^  ■*  H-CO  +  H  to  be  open.  Secondary  reactions  of  type  2a:  O  +  I^CO  and 
decay  of  H ^ CO  had  relative  little  effect  on  the  0  and  H-atom  profiles. 


The  double  measurements  of  H  and  O-atom  profiles  gave  interesting  results 
for  two  recently  investigated  systems.  Roth  and  coworkers  studied  0  +  HCN  (31) 
and  O  +  C2H2  (32).  In  both  cases  one  expects  a  multichannel  type  of  reaction  1. 
This  was  confirmed  by  the  comparison  of  O-atom  consumption  and  H-atom  pro¬ 
duction.  In  both  cases  in  the  early  stages  of  the  reaction  more  O  was  con¬ 
sumed  than  H  produced.  Further,  the  observed  H-atom  profile  was  typical  for 
a  direct  formation  through  a  reaction  of  type  la.  Roth  and  coworkers  were  able 
to  evaluate  rate  coefficients  for:  0  +  HCN  ^  OCN  +  H  and  the  sum  for  re¬ 
actions  of  type  lb  and  lc  as  well  as  0  +  *  HC20  +  H  and  again  the  sum  of 

types  lband  lc.  In  the  latter  case  Roth  et  al  have  assumed  that  the  sum  is 
mainly  determined  by  lb:  0  +  C-Hj  ■*  CO  +  CH2  which  is  known  from  other  ex¬ 
periments.  Since  CH  undergoes  fast  reactions  with  O,  the  computer  modeling 
of  the  O-atom  profiles  required  the  inclusion  of  reactions  of  type  3.  It  was 
found  that  a  reaction  without  forming  H-atoms  gave  the  best  fit  in  particular 
for  the  later  parts  of  the  H-atom  profiles.  Thus  it  may  be  that  CH2  +  O  gives 
under  the  experimental  conditions  mainly  products  like  CH  +  OH  or  perhaps 
CO  +  Hj,  and  produces  only  to  a  smaller  percentage  H-atoms  via  HCO  +  H. 

4.3.  HYDROCARBONS  +  0„ 


Of  course,  it  is  possible  to  investigate  reactions  with  hydrocarbons 
and  02  at  elevated  temperatures  behind  shocks  with  the  ARAS  technique 
following  H-and  O-atom  profiles.  The  discussion  of  the  results  becomes  re¬ 
latively  difficult,  since  here  we  can  study  only  secondary  reactions,  except, 
when  the  02_hydrocarbon  reaction  by  chance  is  a  fast  one.  Very  strong  in¬ 
fluence  of  H  +  O,  +  OH  +  0  has  to  be  considered  (18,  23).  Results  for 
CH^  +  O  (18)  ana  CH^  +  02  (23)  were  reported.  Some  inconsistencies  concerning 
CH^  +  OH  were  found  (23) .  They  are  mainly  caused  by  the  very  complex  reaction 
system  CH2-02.  A  better  designed  experiment,  starting  for  example  with  CH^OH 
will  probably  clarify  the  problems  with  CH^  +  OH.  They  are  discussed  to  some 
extent  by  Bhaskaran  et  al  in  Reference  23. 
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BLAST  WAVES  GENERATED  BY  ACCIDENTAL  EXPLOSIONS 
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As  a  basis  for  the  discussion  of  the  blast  waves 
produced  by  accidental  explosions  the  structure  of  the 
blast  wave  from  an  ideal  explosion  and  the  mechanisms  by 
which  such  a  blast  wave  produces  damage  will  be  discussed. 

Next,  some  general  results  concerning  the  manner  in  which 
nonideal  source  behavior  produces  nonideality  of  the 
blast  wave  will  be  presented  with  examples.  Finally, 
accidental  explosions  will  be  grouped  into  nine  different 
types  depending  upon  the  nature  of  the  source  behavior 
during  the  explosion  and  the  events  that  lead  up  to  the 
explosion.  The  nature  of  the  blast  wave  produced  by  each 
of  the  different  types  of  accidental  explosions  will  then 
be  discussed  with  examples  as  appropriate  to  illustrate  how 
the  mechanisms  involved  in  accidental  explosions  affect 
the  blast  waves  produced  by  these  explosions. 

t 

INTRODUCTION 

In  the  past  10  to  15  years  there  has  been  a  considerable  increase  of 
interest  in  accidental  explosions  of  all  types  and  the  hazards  they  pose 
to  structures  and  people  in  their  immediate  vicinity  (1)-  This  increased 
interest  has  led  to  a  considerable  amount  of  activity  to  characterize  the 
nature  of  the  various  accidental  explosion  processes  that  can  occur  and 
the  danger  associated  with  internal  explosions,  the  production  of  primary 
and  secondary  fragments,  radiation  damage  from  a  fireball  and  last,  but  not 
least,  the  blast  wave  produced  by  the  explosion  (2).  This  paper  will  focus 
on  our  current  understanding  of  source  behaviors  that  lead  to  nonideal  blast 
waves  as  well  as  the  nature  of  the  blast  waves  produced  by  various  types  of 
accidental  explosions. 

IDEAL  BLAST  WAVES 

All  free  l  Id  blast  waves  whether  ideal  or  not  are  simple  waves  travel¬ 
ing  away  from  the  source  region.  Point  source,  nuclear  or  bare  charge 
spherical  high  explosive  explosions  all  produce  blast  waves  which  have 
essentially  the  same  structure  at  distances  from  the  source  where  the  max¬ 
imum  pressure  in  the  wave  is  less  than  about  100  atmospheres  (3).  These 
"ideal"  waves  consist  of  a  lead  shock  wave  followed  by  a  rarefaction  fan  which 
causes  the  pressure  to  fall  slightly  below  the  ambient  pressure  before  it 
rebounds  to  the  initial  atmospheric  pressure.  Since  the  wave  is  simple  the 


[70| 


Strehlow 


flow  associated  with  the  wave  is  uniquely  related  to  the  local  pressure  in 
the  wave.  Specifically,  the  flow  is  outward  when  the  pressure  is  higher 
than  ambient  and  inward  when  the  pressure  drops  below  ambient. 

The  three  properties  of  an  ideal  wave  which  cause  damage  are  the  maximum 
overpressure,  the  positive  impulse  I+  where  I+  =J*Pdt  from  the  time  when  the 
shock  arrives  until  the  pressure  first  returns  to  ambient  and  the  flow 
velocity  associated  with  the  wave  (2).  Sachs  (4)  showed  theoretically  and 
it  has  been  verified  experimentally  (5)  that  the  first  two  of  these  three 
properties  scale  to  an  energy  scaled^  radius.  Specifically,  at  any  distance 
from  the  source,  R,  the  quantities  P  =  (P  -  P  )/P  and  I  =  (I+  aQ)/(E1//3  pQv3) 

scale  to  R  where  R  =  R/R  and  R  =  (E/P  )^"3.  Here  E  is  the  total  energy 
of  the  source  and  Pq  is  °the  lo8al  atmospheric  pressure. 

The  mechanism  by  which  a  structure  is  damaged  by  a  blast  wave  is  different 
for  each  of  the  three  properties  described  above.  If  the  duration  is  very 
long  compared  to  the  response  time  of  the  structure,  the  structural  elements 
are  deflected  to  about  twice  the  extent  that  they  would  be  if  the  pressure 
(now  a  reflected  shock  pressure)  were  applied  statically.  In  this  case  the 
strain  energy  in  the  structure  can  be  equated  to  the  potential  energy  stored 
by  the  deflection  and  damage  occurs  when  this  amount  of  energy  is  sufficient 
to  cause  plastic  flow  and  therefore  permanent  deformation.  If  the  duration 
is  very  short  relative  to  the  characteristic  response  time  of  the  structure, 
the  impulse  of  the  wave  determines  the  amount  of  kinetic  energy  imparted  to 
the  structural  elements  and  this  kinetic  energy  can  be  equated  to  the  strain 
energy  that  will  ultimately  be  stored  in  these  elements.  In  this  impulsive 
limit  the  overpressure  in  the  shock  has  no  effect  on  damage  (6) . 

The  third  damage  mechanism  is  related  to  a  drag  force  which  first  arises 
because  it  takes  a  finite  amount  of  time  for  the  shock  wave  to  reflect, 
refract  and  engulf  the  body  and  then  continues  because  the  body  is  immersed 
in  a  high  velocity  flow  field.  Structures  that  are  particularly  vulnerable 
to  this  type  of  damage  are  light  standards  or  unattached  bodies  like  trucks 
or  people.  In  the  latter  case,  damage  is  caused  by  tumbling  or  gross  dis¬ 
placement  (2). 

NON- IDEAL  BLAST  WAVES 

Most  accidental  explosions  generate  a  blast  wave  whose  structure  is 
different  from  the  structure  of  an  ideal  blast  wave.  Theoretical,  numerical, 
and  experimental  work  has  shown  that  the  differences  are  directly  related  to 
the  way  that  energy  is  added  to  or  initially  distributed  in  the  source  region. 
To  illustrate  the  differences  three  example  spherical  source  regions  will 
be  considered.  These  are  an  idealized  bursting  sphere,  the  ramp  addition 
of  energy  (representing  a  spark)  and  spherical  deflagrative  and  detonative 
addition  of  energy.  Additionally,  there  will  le  a  brief  discussion  of  the 
efiects  of  non-spherical  deflagration  in  a  source  region. 

The  burst  of  a  pressurized  frangible  sphere  containing  an  ideal  poly¬ 
tropic  gas  has  been  studied  numerically  (7)  and  experimentally  (8).  All 
the  numerical  calculations  described  here  (including  that  for  bursting  spheres) 
used  a  one  dimensional  finite  difference  artificial  viscosity  computer  pro¬ 
gram  in  spherical  coordinates  to  follow  the  flow  associated  with  specific 
source  behaviors  (9).  For  the  bursting  sphere  studies  the  calculation  was 
started  with  the  source  region  at  a  series  of  high  pressures  and  different 
temperatures.  It  was  found  that  when  the  energy  in  the  sphere  was  calculated 
using  Brode's  (10)  formula,  E  =  (Pg  -  P  )  V/(y-  1), where  V  is  the  sphere 

volume  and  y  is  the  heat  capacity  ratio  of  the  polytropic  gas  in  the  sphere, 
the  sphere  bursts  produced  a  blast  wave  whose  pressure  was  never  larger  than 
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that  calculated  using  the  shock  tube  bursting  pressure  equation  and  decreased 
monotonically  as  the  shock  propagated  away  from  the  source.  Furthermore, 
for  high  pressure  sphere  bursts  the  shock  pressure  asymptotically  approached 
the  energy  scaled  overpressure  curve  for  a  high  explosive  charge.  However, 
for  sphere  pressures  less  than  about  6  P0,  the  shock  overpressure  curves 
did  not  reach  but  paralleled  the  high  explosive  curve.  In  other  words,  far 
field  equivalency  in  overpressure  was  lost . 

Two  other  general  behaviors  of  the  blast  wave  from  a  bursting  sphere 
are  1)  positive  phase  impulse  always  scales  with  source  energy  using 
Sachs'  scaling  (this  is  generally  true  for  all  spherical  non-ideal  explosions) 
and  2)  the  negative  phase  impulse  for  spheres  with  low  energy  density  (i.e., 
with  internal  pressures  below  about  100  atmospheres)  is  always  very  large 
when  compared  to  the  negative  phase  for  an  ideal  blast  wave.  It  is  in 
fact  more  than  one  half  of  the  positive  phase  impulse.  Furthermore,  this 
negative  phase  is  followed  by  a  relatively  strong  shock  wave  whose  amplitude 
is  approximately  1/3  of  the  amplitude  of  the  initial  shock  in  the  blast  wave. 
This  is  illustrated  in  Figure  1  which  is  experimental  data  obtained  from  a 
bursting  frangible  sphere.  A  complete  set  of  pressure  distance  curves  for 
a  number  of  equally  spaced  times  after  sphere  burst  is  shown  in  Figure  2. 
Notice  from  Figure  2  the  large  rarefaction  fan  propagating  to  the  center,  the 
very  large  pressure  spike  produced  at  the  center,  and  the  second  shock 
propagating  away  from  the  center.  Brode  and  Chou  et  al  (11)  showed  many 
years  ago  that  an  extended  source  such  as  a  bursting  sphere  exhibits  this 
behavior. 

It  was  also  observed  that  the  dimensionless  overpressure-scaled  distance 
curves  for  the  different  initial  sphere  conditions  paralleled  each  other 
when  plotted  against  R.  Furthermore,  dimensional  analysis  showed  (8)  that 
for  idealized  sphere  bursts  one  must  know  the  sphere  source  energy,  E,  the 
sphere  pressure,  PS/PQ,  the  internal  velocity  of  sound  of  the  gas  in  the 
sphere  relative  to  that  of  the  surroundings,  as/a0,  and  the  heat  capacity 
ratio,  y  ,  of  the  gas  in  the  sphere  to  uniquely  determine  the  initial  shock 
pressure  and  sphere  radius  on  a  (P,  R)  plot.  With  this  information  the 
(P,  R)  nomograph  that  has  been  constructed  can  be  used  to  determine  the 
blast  wave  overpressure  produced  by  any  idealized  bursting  sphere  (7). 

Numerical  calculations  have  been  performed  to  study  the  ramp  addition 
of  energy  (12).  In  this  case,  energy  is  added  in  a  spatially  uniform 
manner  to  the  entire  source  region  at  a  rate  which  is  growing  exponentially 
with  time  until  the  maximum  amount  of  energy  is  added.  Figure  3  shows 
that  in  this  case  a  compression  wave  is  first  generated  which  steepens 
into  a  shock  wave  some  distance  from  the  source.  Figure  3  also  shows  the 
effect  of  finite  source  size,  because  it  clearly  shows  the  rarefaction  fan 
propagating  towards  the  center  of  the  source  region  as  energy  is  being 
added  to  the  source  region.  A  systematic  study  of  the  effect  of  energy 
density  (defined  at  E/CyTjj)  and  dimensionless  time  of  energy  addition 
(defined  as  a  characteristic  time  for  energy  addition  divided  by  a 
characteristic  acoustic  transit  time  for  the  source  region,  ta  =  r0/a0 
where  r0  is  the  initial  radius  of  the  source  region  and  a0  is  the 
initial  velocity  of  sound  in  the  source  region)  was  performed.  This 
showed  that,  irrespective  of  the  nonideal  behavior  of  the  blast  wave  close 
to  the  source  region,  source  regions  which  had  both  a  high  energy  density 
and  a  very  short  dimensionless  rate  of  heat  addition  exhibited  far  field 
equivalency  in  overpressure  and  produced  a  blast  wave  which  was  indistin¬ 
guishable  from  that  produced  by  an  ideal  source.  However,  when  energy 
density  dropped  to  about  8  or  9,  and  dimensionless  rate  of  energy  addition 
increased  to  about  unity,  far  f'eld  equivalency  in  overpressure  was  lost. 

In  other  words,  the  overpressure  scaled  distance  curves  were  all  below 
those  of  an  ideal  explosion  with  the  same  total  source  energy.  As  in  the 
case  of  bursting  sphere  the  far  field  positive  impulse  was  equivalent  to  that 
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of  an  ideal  wave  on  an  energy  scaled 
basis. 

Numerical  (13)  and  experimental  (14) 
studies  have  been  performed  on  the  . 

blast  wave  propagating  away  from  a 
centrally  ignited  deflagrative  or 
detonative  explosion  of  a  gas  mixture 
initially  at  ambient  pressure  (15). 

The  calculations  have  shown  that  at 
a  radius  of  about  three  times  the 
actual  combustible  sphere  radius,  the 
blast  wave  becomes  equivalent  to  that 
produced  by  an  ideal  explosion,  if 
the  initial  explosion  is  centrally 
ignited  and  is  either  detonative  or 
deflagrative  with  a  normal  burning 
velocity  of  more  than  approximately  190 
l/8th  of  the  initial  velocity  of 
sound.  These  calculations  also  show  «  13.0 
that  when  the  burning  velocity  drops  S 
to  approximately  l/16th  of  the  initial  |  7.o 
velocity  of  sound,  far  field  over-  > 
pressure  equivalency  is  lost  and  the  ^ 
blast  wave  no  longer  contains  a  ' ' 

lead  shock  wave  but  instead  consists 
of  a  simple  compression  wave  propa¬ 
gating  away  from  the  source  region. 

This  is  shown  in  Figure  4.  For 
lower  burning  velocities  than  this, 
the  overpressure  in  the  wave  is 
extremely  low  and  can  be  modeled  by 
using  an  adaption  of  Taylor's  (16) 
original  analytical  solution  for  the  4ok 
blast  wave  produced  by  a  sphere  o  3 

expanding  at  constant  velocity.  This  => 
behavior  is  shown  in  Figure  5.  S  zo ■ 


The  blast  wave  produced  by  low 
velocity  deflagrative  combustion  of 
a  non-spherical  source  has  also  been 
studied  (17).  In  this  case  the 
acoustic  principle  first  enunciated 
by  Stokes  (18)  in  1849  has  been 
applied  by  assuming  that  the  deflagra¬ 
tive  combustion  can  be  treated  as  a 
monopole  source  of  very  low  frequency. 
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When  this  is  done,  one  finds  that 
the  maximum  overpressure  that  one  can 
obtain  from  deflagrative  combustion 
is  a  function  of  the  aspect  ratio 
of  the  source  region  and  decreases 
very  rapidly  with  increases  in 
aspect  ratio.  This  is  shown  in 
Figure  6.  This  theoretical  obser¬ 
vation  has  been  verified  by  experi¬ 
mental  studies  in  which  combustion 
of  a  spherical  soap  bubble  was  initi¬ 
ated  near  the  edge  (19) .  In  this 
case,  the  acoustic  overpressure  was 
considerably  lower  than  the  acoustic 
overpressure  when  the  soap  bubble 
was  initiated  centrally.  The  reason 
why  this  is  true  is  that  in  spherical 
coordinates  the  maximum  overpressure 
occurs  when  the  product  of  the  burn¬ 
ing  velocity  and  flame  area  exhibit 
the  maximum  rate  of  increase.  The 
theory  yields  the  conclusion  that  no 
overpressure  is  generated  in  spherical 
coordinates  by  a  flame  of  constant 
area  which  has  a  constant  burning 
velocity. 


Figure  S 


ACCIDENTAL  EXPLOSIONS 

When  accidental  explosions  are 
classified  by  source  behavior,  one 
finds  that  there  are  nine  major  types 
that  can  occur  (1).  These  are: 

1.  condensed  phase  detonations. 

2.  combustion  explosions  of 
gaseous  or  liquid  fuels  in 
enclosures. 

3.  combustion  explosions  of 
dusts  in  enclosures. 

4.  boiling-liquid-expanding- 
vapor-explosions  (BLEVEs). 

5.  unconfined  vapor-cloud 
explosions. 

6.  explosions  of  pressurized 
vessels  containing  non¬ 
reactive  gases. 

7.  explosions  resulting  from  chemical  reactor  runaway. 

8.  physical  vapor  explosions. 

9.  explosions  resulting  from  nuclear  reactor  runaway. 


The  blast  waves  that  are  generated  by  each  of  these  different  types  of  ex¬ 
plosions  are  quite  dependent  on  source  behavior  and  therefore,  are  different 
from  explosion  to  explosion.  Some  general  statements  can  be  made,  however. 
In  the  following  each  type  of  explosion  will  be  discussed  separately. 

Condensed  phase  detonations  produce  a  blast  which  is  nearly  ideal  based 
on  the  total  energy  that  is  available  from  the  source  region.  If  there  is 
considerable  confinement,  one  must  take  into  account  the  energy  impart  to 
the  confinement  by  the  explosion  and  if  the  explosion  occurs  at  ground  level 
(most  do),  the  energy  involved  in  cratering  must  be  included.  Ground  level 
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reflection  with  no  cratering  would  cause  the  blast  wave  to  appear  as  if  the 
explosive  energy  were  twice  the  actual  amount  of  explosive  involved.  With 
cratering  the  usual  multiplying  factor  is  taken  to  be  1.8  (3). 

Combustion  explosions  of  gaseous  or  liquid  fuels  in  enclosures  show  two 
distinct  limit  behaviors.  If  the  enclosure  has  a  low  length  to  diameter 
ratio  (L/D  6)  and  if  there  are  not  too  many  obstacles  in  the  path  of  the 
flame,  the  pressure  rise  in  the  enclosure  will  cause  the  enclosure  to  relieve 
itself  at  a  relatively  low  overpressure.  For  example,  buildings  will  fail 
at  2  to  3  psi  overpressure  whereas  the  explosion,  if  allowed  to  run  its  course, 
would  generate  at  least  90  psi.  Under  these  circumstances,  the  building  is 
usually  completely  destroyed  by  the  explosion  but  pifeces  are  not  thrown  very 
far.  Also  because  the  source  pressure  never  gets  very  high  the  blast  wave  is 
minimal.  Generally  speaking,  people  close  to  the  source  do  not  hear  a  blast 
wave  in  this  case.  They  simply  feel  an  impulsive  flow  of  air  as  the  explosion 
process  displaces  the  atmosphere  around  the  explosion  source.  In  the  other 
limit  case,  when  the  L/D  is  large,  or  when  there  are  many  obstacles  in  the 
path  of  the  combustion  wave,  turbulent  boundary  layer  growth  and  eddy  shedding 
cause  flame  accelerations  to  occur  which  can  lead  to  generation  of  pressure 
waves  and  shock  waves  in  the  enclosure.  In  severe  cases  the  acceleration  will 
be  violent  enough  to  actually  cause  the  flame  system  to  make  a  transition  to 
detonation.  In  this  limit  case  damage  is  localized  but  very  severe.  Fragments 
can  be  thrown  large  distances  and  the  blast  wave  that  is  produced  can  be  quite 
intense.  These  are,  however,  extended  source  volume  explosions  (i.e.,  they 
have  a  low  energy  density)  and  therefore  the  blast  waves  from  this  source 
always  exhibit  a  strong  negative  phase.  Because  of  this  it  is  quite  common 
to  see  negative  phase  damage  on  structures  that  are  close  to  the  source 
region,  when  this  type  of  explosion  occurs. 

Combustion  explosions  of  dusts  in  enclosures  have  the  same  L/D  limit 
behaviors  as  a  combustion  explosion  of  vapors  and  gases  in  enclosures  and 
the  blast  waves  that  are  produced  by  such  explosions  are  of  the  same  type 
as  those  produced  by  explosions  of  gases  or  liquid  fuels  in  enclosures.  There 
is  a  difference,  however,  in  the  way  that  these  explosions  occur  inside  the 
enclosure.  In  order  for  a  dust  to  form  a  combustible  mixture  in  air,  the 
extinction  coefficient  of  the  suspended  dust  relative  to  light  transmission 
must  be  of  the  order  of  30  cm.  This  is  such  a  high  concentration  of  airborne 
dust  that  it  could  not  be  tolerated  on  a  continuous  basis  in  the  work  place. 
Nevertheless,  disasterous  secondary  explosions  do  occur  in  industries  that 
handle  organic  or  metal  dusts.  These  always  occur  because  the  work  place 
was  allowed  to  become  quite  dirty  and  a  primary  explosion  in  a  piece  of 
equipment  produces  a  large  external  fireball  and  air  motion  ahead  of  it 
which  picks  up  the  dust  in  the  work  place  and  propagates  the  explosion 
throughout  the  work  place. 

Boiling-liquid-expanding-vapor-explosions  (BLEVEs)  (20)  occur  when  a 
ductile  tank  containing  a  flash  evaporating  liquid  at  high  pressure  is  heated 
externally  until  the  tank  tears  open.  The  blast  wave  in  this  case  is  usually 
not  considered  to  be  dangerous.  It  has  been  shown  experimentally  that  a 
bulk  quantity  of  flash  evaporating  liquid  when  suddenly  exposed  to  atmospheric 
pressure  evaporates  so  slowly  that  the  evaporation  process  cannot  contribute 
to  the  blast  wave  (21).  Therefore  in  this  case,  the  blast  wave  arises  only 
from  the  vapor  space  above  the  liquid  in  the  tank.  In  this  case  the  maximum 
blast  wave  strength  can  be  estimated  if  one  knows  the  size  of  that  vapor  space 
and  treats  the  explosion  as  a  bursting  sphere  with  the  vapor  space  volume 
and  initial  pressure.  The  real  danger  in  BLEVEs  is  1)  the  flash  evaporating 
liquid  can  cause  rocketing  of  pieces  of  the  tank  to  large  distances  and 
2)  if  the  contents  of  the  tank  are  combustible  and  catch  on  fire  immediately, 
a  large  fireball  can  be  produced,  which  can  injure  and  kill  people  by  radiation 
and  start  new  fires  some  distance  from  the  original  fire. 
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Unconfined  vapor-cloud  explosions  occur  when  there  is  a  massive  release 
of  a  combustible  hydrocarbon  in  the  atmosphere  with  delayed  ignition  (22) 
(ignition  delays  from  15  seconds  to  30  minutes  are  common  with  this  type  of 
accident) .  In  this  case  a  large  cloud  of  combustible  mixture  of  the  fuel 
with  air  is  formed  and  ignition  can  either  lead  to  a  very  large  fire  or  a 
very  large  fire  plus  an  explosion  which  causes  a  damaging  blast  wave  to  form. 
There  is  mounting  evidence  that  a  damaging  blast  wave  occurs  only  if  the 
initial  flame  propagation  process  accelerates  until  either  rapid  volumetric 
combustion  or  some  sort  of  supersonic  combustion  or  possibly  detonation  occurs. 
Recently,  it  has  been  shown  that  one  can  produce  transition  to  detonation 
without  heating  the  combustible  mixture  to  the  autoignition  temperature  (23) . 
All  that  is  needed  is  a  sufficiently  large  hot  gas-cold  gas  mixing  region 
in  a  flame  jet.  Furthermore,  the  acoustic  theory  for  high  aspect  ratio 
source  regions  shows  quite  conclusively  that  deflagrative  combustion  as  such 
cannot  produce  the  damaging  blast  waves  that  have  been  observed  as  the  result 
of  vapor  cloud  explosions  (17) . 

Explosion  of  pressurized  vessels  containing  nonreactive  gaseous  materials 
produce  blast  waves  which  can  be  treated  in  a  rather  straightforward  manner 
using  the  bursting  sphere  formulas  that  were  discussed  above.  One  can  always 
assume  in  this  case  that  the  bursting  sphere  formula  will  yield  the  maximum 
overpressure  that  one  could  expect.  This  is  because  virtually  all  pressure 
vessels  are  made  of  ductile  material  and  ductile  vessels  tear  only  slowly 
once  failure  starts.  Thus  the  high  pressure  gas  will  be  released  at  a  slower 
rate  than  if  the  vessel  were  a  frangible  vessel .  If  the  vessel  is  frangible 
there  are  ways  to  estimate  kinetic  energy  imparted  to  the  fragments  and 
this  energy  should  be  subtracted  from  the  total  stored  energy  in  the  vessel 
to  estimate  the  blast  wave  structure  using  the  bursting  sphere  formulas 
described  above. 

Explosions  resulting  from  chemical  reactor  runaway  occur  frequently  in 
the  chemical  industry.  They  are  due  primarily  to  the  fact  that  the  exothermic 
reaction  that  is  being  carried  out  in  the  vessel  occurs  too  rapidly  either 
because  too  much  catalyst  has  been  added  to  the  system  or  because  the  cooling 
system  for  the  vessel  fails.  In  either  case,  the  pressure  in  the  vessel 
rises  rather  rapidly  and  if  the  vessel  is  not  adequately  vented,  the  vessel 
explodes.  In  many  cases  these  are  ductile  tears  and  the  explosion  can  be 
assuned  to  be  a  BLEVE.  In  most  cases  the  blast  wave,  as  such,  is  not  severe, 
but  damage  to  the  local  environment  is  because  of  the  fragments  that  are 
produced  and  the  danger  of  a  major  fire  following  the  explosion. 

Physical  vapor  explosions  occur  when  a  hot  liquid  or  solid  contacts  a 
cold  liquid  and  causes  very  rapid  vaporization  of  the  cold  liquid  (24) . 

These  explosions  occur  in  the  steel  and  aluminum  industry  where  water  is  the 
cold  liquid  and  during  the  spill  of  liquid  natural  gas  where  water  is  the 
hot  liquid.  They  can  be  quite  severe.  However,  the  blast  wave  that  they  gen¬ 
erate  is  nonideal  because  of  the  extended  size  of  the  source  region.  There 
has  been  no  experimental  study  of  the  structure  of  the  blast  wave  produced 
by  physical  vapor  explosions. 

Explosions  resulting  from  nuclear  reactor  runaway  fortunately  have  not 
yet  occurred.  A  nuclear  reactor  runaway  cannot  generate  anything  like  a 
nuclear  bomb  detonation.  However,  it  can  pressurize  the  containment  vessel 
to  such  a  pressure  that  the  vessel  will  burst,  releasing  its  contents  to  the 
outside  atmosphere.  In  this  case,  the  discussion  of  the  blast  wave  and  the 
damage  it  produces  would  be  moot  because  the  release  of  long  range  radio-active 
material  would  represent  a  much  more  serious  catastrophe. 

SUM4ARY  AND  CONCLUSIONS 

It  has  been  shown  that  high  energy  density  and  high  power  density  sources 
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produce  "ideal"  blast  waves  whose  structure  is  related  only  to  the  total  ener¬ 
gy  of  the  source  region.  It  has  also  been  shown  that  low  energy  density  or 
extended  sources  and  sources  in  which  the  energy  is  added  slowly  produce  non¬ 
ideal  blast  waves  whose  primary  deviation  from  ideality  is  the  lack  of  far 
field  equivalency  in  overpressure.  It  has  also  been  shown  that  these  waves 
contain  a  large  negative  phase  following  the  initial  positive  phase  and  that 
this  negative  phase  is  followed  by  a  relatively  strong  second  shock.  Interest¬ 
ingly,  both  theory  and  experiment  have  shown  that  for  a  spherical  source 
region,  positive  impulse  is  always  predicted  by  simple  energy  scaling,  ir¬ 
respective  of  how  nonideal  the  source  behavior  is. 

Additionally,  accidental  explosions  have  been  catagorized  into  nine  types 
primarily  based  on  the  behaviors  of  the  source  regions  during  the  explosion 
process  itself.  The  nature  of  the  blast  wave  produced  by  each  of  these  nine 
types  was  discussed  briefly. 

It  appears  that  we  currently  have  sufficient  information  to  either 
evaluate  the  potential  explosion  hazard  of  any  specific  situation  or  to 
evaluate  the  nature  and  course  of  the  explosion  after  such  an  incident  has 
occurred.  Furthermore,  since  the  principles  of  blast  resistant  design  are 
now  well  understood,  such  design  is  being  used  more  and  more  frequently  in 
locations  where  the  potential  for  an  explosion  exists. 

It  appears  that  the  most  important  avenue  for  new  research  relative  to 
the  blast  wave  from  accidental  explosions  is  to  study  in  some  systematic 
manner  the  effect  of  the  explosion  of  highly  nonspherical  source  regions  on 
the  blast  wave  produced  in  the  surroundings. 
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Figure  Captions 

Fig.  1  An  oscilloscope  trace  of  the  free  fields  blast  wave  from  a  bursting 
sphere  containing  air  Pg  =  52. S  Atm.  P  =  0.40,  R  =  0.69. 

Fig.  2  The  blast  wave  produced  by  a  sphere  initially  at  9  Atm.  pressure. 

Fig.  3  The  blast  wave  produced  by  the  ramp  addition  of  energy. 

Fig.  4  The  blast  wave  produced  by  a  centrally  ignited  low  velocity  flame. 

Fig.  5  Scaled  overpressure,  P,  versus  energy  scaled  radius,  R,  for  detonation 

(curve  D)  bursting  sphere  (curve  S)  and  various  centrally  ignited 

flames.  Curve  P  is  for  Pentolite  (ideal  wave).  Numbers  given  on 

the  curves  are  the  ratio  S  /a  where  S  is  the  assumed  normal  burn- 

u  o  u 

ing  velocity  and  a  is  the  initial  velocity  of  sound.  The  solid  lines 

(except  for  Pentolite)  are  the  result  of  numerical  calculations.  The 
dashed  lines  were  obtained  by  using  Taylor's  analytical  solution  for 
an  expanding  sphere,  suitably  modified  to  replace  the  sphere  by  a 
propagating  flame.  Note  the  good  agreement  with  theory  at  S  /a  = 
0.066  and  0.034.  u  0 

Fig.  6  Effect  of  the  aspect  ratio,  /‘R ,  on  the  maximum  blast  wave  pressure 
rise  for  the  deflagrative  combustion  of  pancake  and  cigar-shaped 
clouds.  Cloud  volume,  normal  burning  velocity  and  observer  dis¬ 
tance  from  cloud  center  are  all  assumed  to  be  constant  from  cloud 
to  cloud. 
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An  experimental  investigation  has  been  made  of  shock  tube 
operation  when  the  "Cyclone"  principle  is  used  to  separate 
diaphragm  fragments  from  the  driver  gas Bor  the  free 
piston  driver  used  in  these  tests,  this/ajyolved  a  diaphragm 
configuration  which  allowed  the  driver  gasM»  be  injected 
into  the  shock  tube  at  right  angles  to  the  axis,  with  a 
circumferential  oorponent  of  velocity.  This  greatly  reduced 
the  level  of  model  and  test  section  damage  due  to  diaphragm 
fragments,  and  thereby  extended  the  practical  range  of  ex¬ 
periments  which  could  be  performed  in  the  shock  tube.  In 
caparisons  made  with  a  conventional  diaphragm  configuration, 
it  was  found  that  shock  speeds  were  reduced  at  lew  diaphragm 
pressure  ratios,  but  were  increased  up  to  values  of  16  km 
sec  at  high  diaphragm  pressure  ratios.  Analysis  of 
pressure  records  after  shock  reflection  showed  that  this  was 
associated  with  entropy  increases  in  the  driver  gas,  arising 
from  the  nature  of  the  diaphragm  configuration,  rather  than 
with  the  "cyclone"  effect.  Further  tests  confirmed  that 
satisfactory  shock  wave-contact  surface  separation  was  main¬ 
tained,  in  spite  of  the  circumferential  motion  of  the  driver 
gas.  It  is  concluded  that  the  cyclone  effect  can  be  used 
effectively  without  in  itself  significantly  reducing  the 
shock  tube  performance. 

INTRODUCTION 

Diaphragm  fragmentation  is  a  problem  particularly  related  to  shock  tubes 
with  high  pressure  drivers.  If  excessively  large  fragments  are  produced  when 
the  main  diaphragm  ruptures,  and  are  projected  down  the  shock  tube  at  high 
velocities,  they  may  inflict  severe  damage  on  models  and  associated  equipment 
located  in  the  test  section. 

Such  a  situation  occurred  in  adapting  the  free  piston  reflected  shock 
tunnel  T3  at  the  Australian  National  University  to  non-ref lected  operation. 
The  expansion  nozzle  was  aligned  along  the  shock  tube  axis  and,  with  a  shock 
tube  76  rtm.  in  diameter  and  a  nozzle  entry  diameter  of  36  itm. ,  it  was  found 
that  very  severe  damage  was  sustained  over  a  series  of  shots  for  any  model  or 
instrument  located  in  the  test  section  within  18  nm.  of  the  nozzle  axis. 
Whilst  this  did  not  constitute  a  fundamental  limitation  to  use  of  the  non- 
reflected  shock  tunnel,  it  made  it  difficult  to  conduct  many  desirable  exr  ri- 
ments  involving  models  in  the  shock  tube. 
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An  experimental  investigation  has  been  made  of  shock  tube 
operation  when  the  "Cyclone"  principle  is  used  to  separate 
diaphragm  fragments  from  the  driver  gas^FOr  the  free 
piston  driver  used  in  these  tests,  this /unsolved  a  diaphragm 
configuration  which  allowed  the  driver  gafNto  be  injected 
into  the  shock  tube  at  right  angles  to  the  axis,  with  a 
circumferential  oonponent  of  velocity.  This  greatly  reduced 
the  level  of  model  and  test  section  damage  due  to  diaphragm 
fragments,  and  thereby  extended  the  practiced  range  of  ex¬ 
periments  which  could  be  performed  in  the  shock  tube.  In 
ccnparisons  made  with  a  conventional  diaphragn  configuration, 
it  was  found  that  shock  speeds  were  reduced  at  low  diaphragm 
pressure  ratios,  but  were  increased  up  to  values  of  16  km 
sec  at  high  diaphragm  pressure  ratios.  Analysis  of 
pressure  records  after  shock  reflection  showed  that  this  was 
associated  with  entropy  increases  in  the  driver  gas,  arising 
from  the  nature  of  the  diaphragm  configuration,  rather  than 
with  the  "cyclone"  effect.  Further  tests  confirmed  that 
satisfactory  shock  wave-contact  surface  separation  was  main¬ 
tained,  in  spite  of  the  circumferential  motion  of  the  driver 
gas.  It  is  concluded  that  the  cyclone  effect  can  be  used 
effectively  without  in  itself  significantly  reducing  the 
shock  tube  performance. 

INTRODUCTION 

Diaphragm  fragmentation  is  a  problem  particularly  related  to  shock  tikes 
with  high  pressure  drivers.  If  excessively  large  fragments  are  produced  when 
the  main  diaphragm  ruptures,  and  are  projected  down  the  shock  tike  at  high 
velocities,  they  may  inflict  severe  damage  on  models  and  associated  equipment 
located  in  the  test  section. 

Suck  a  situation  occurred  in  adapting  the  free  piston  reflected  shock 
tunnel  T3  at  the  Australian  National  University  to  non-refiected  operation. 

The  expansion  nozzle  was  aligned  along  the  shock  tube  axis  and,  with  a  shock 
tike  76  rrni.  in  diameter  and  a  nozzle  entry  diameter  of  36  irm. ,  it  was  found 
that  very  severe  damage  was  sustained  over  a  series  of  shots  for  any  motel  or 
instrument  located  in  the  test  section  within  18  mm.  of  the  nozzle  axis. 

Whilst  this  did  not  constitute  a  fundamental  limitation  to  use  of  the  nen- 
reflected  shock  tunnel,  it  mate  it  difficult  to  conduct  many  desirable  experi¬ 
ments  involving  motels  in  the  shock  tike. 


(82l  Stalker  and  French 

Scored  diaphragms  were  tried  but  proved  unsatisfactory,  yielding  sene 
residual  fragmentation,  and  displaying  unacceptable  inconsistency  in  burst 
pressure.  Presumably,  this  was  due  to  the  rapid  loading  of  the  diaphragm  which 
is  associated  with  a  free  piston  driver. 

The  energy  of  the  diaphragm  fragments  was  such  as  to  suggest  that  they  were 
being  accelerated  by  the  driver  gas  flow.  Thus,  in  the  absence  of  a  satisfac¬ 
tory  method  of  preventing  diaphragm  fragmentation,  sane  means  of  removing  the 
diaphragm  fragments  frem  the  driver  gas  became  necessary.  Since  the  "cyclone" 
principle  has  been  widely  used  for  particle  separation  in  industry  for  many 
decades  (ref.  1)  it  seemed  reasonable  to  attempt  to  apply  it  to  the  present 
problem. 

The  details  of  this  attempt  are  reported  in  this  papier.  The  manner  in 
which  the  main  diaphragm  arrangement  was  modified  to  allow  exploitation  of  the 
cyclone  principle  is  described,  and  a  qualitative  appreciation  of  its  efficacy 
in  reducing  fragment  damage  is  given.  Its  effect  on  the  gas  dynamic  behaviour 
of  the  shock  tube  is  also  discussed. 

DIAPHRAGM  ARRANGEMENT 

The  cyclone  separator  is  an  inertial  separator  in  which  the  gas  is  passed 
tangentially  into  a  cylinder,  yielding  a  circular  gas  notion  which  tends  to 
"centrifuge"  solid  particles  to  the  walls.  In  order  to  realize  this  effect  in 
the  Australian  National  University  shock  tunnel  -  shock  tube  facility  T3  (ref. 2) 
the  main  diaphragm  arrangement  was  modified  as  shown  in  fig.l. 
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FIG.  1.  MAIN  DIAPHRAGM  CONFIGURATION 
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The  facility  incorporated  a  large  area  reduction  at  the  diaphragm,  passing 
frcm  a  driver  diameter  of  300  inn.  to  a  shock  tube  diameter  of  76  nin.  In  its 
conventional  arrangement,  shewn  in  fig.  1(a) ,  a  diaphragm  was  placed  at  the 
entrance  to  the  shock  tube,  and  was  clamped  by  a  pressure  plate.  In  the  mod¬ 
ified  arrangement,  shown  in  fig.  1(b) ,  the  diaphragm  was  damped  between  a 
pressure  plate  and  a  diaphragm  backing  plate,  each  of  which  contained  six 
orifices,  38  mm.  in  diameter.  The  orifices  were  offset  from  the  centreline  of 
the  shock  tube,  and  were  equally  spaced  on  a  pitch  circle  diameter  of  114  mm. 
The  six  orifices  were  aligned  with  the  six  deflection  cavities  in  the  cavity 
plate.  As  shown  in  section  BB  of  fig.  1(b) ,  these  cavities  led  to  the  shock 
tube,  with  the  cavity  exits  shaped  to  irrpart  a  circumferential  component  of 
velocity  to  the  driver  gas  as  it  passes  from  the  cavity  to  the  shock  tube.  The 
vortex  generating  cavity  plate  was  followed  by  a  copper  striker  plate,  which 
was  intended  to  catch  any  fragments  leaving  the  diaphragm  at  high  velocity  as 
it  ruptured. 

Same  tests  were  also  conducted  in  a  smaller  facility,  T2,  which  is  a 
scaled  down  version  of  T3,  involving  a  driver  diameter  of  76  mm.  and  a  shock 
tube  diameter  of  22  mm.  The  same  modified  diaphragm  arrangement  was  used,  with 
an  appropriate  reduction  in  scale. 

A  rough  estimate  of  the  relative  magnitude  of  the  circumferential  velocity 
ccnponent  of  the  driver  gas  as  it  enters  the  shock  tube  nay  be  made  by  refer¬ 
ence  to  Fig.  1(c) ,  where  the  dimensions  of  a  cavity  are  shown.  It  will  be 
noted  that  the  portion  CD  of  the  cavity  wall  is  straight  and  parallel  to  a  line 
drawn  from  the  centre  of  the  circle  forming  the  rest  of  the  cavity  wall  to  the 
axis  of  the  shock  tube.  Assuming  that  gas  enters  the  cavity  with  no  radial  or 
circumferential  oanpanent  of  flow,  it  follows  that  the  mean  flow  direction  of 
the  gas  as  it  passes  into  the  shock  tube  is  that  of  the  resultant  force  exerted 
by  the  pressure  at  the  cavity  vralls.  The  pressure  at  the  wialls  vri.ll  be  approx¬ 
imately  uniform,  except  over  the  sections  AB  and  CD,  where  it  will  fall  as  the 
gas  accelerates  towards  the  cavity  exit.  In  order  to  irrpart  a  net  clockwise 
motion  to  the  gas,  the  pressures  along  CD  must  be  less  than  along  AB.  There¬ 
fore,  an  overestimate  of  the  circumferential  ccnponent  of  velocity  may  be  ob¬ 
tained  by  neglecting  the  pressure  on  CD,  and  assuming  that  the  pressure  is 
equal  to  the  cavity  pressure  along  AB.  This  yields  the  result  that  the  cir¬ 
cumferential  velocity  is  less  than  40%  of  the  radial  velocity  as  the  driver  gas 
enters  the  shock  tube. 

For  consistent  operation  of  the  shock  tube,  it  is  desirable  that  the 
diaphragm  open  fully  on  all  six  orifices,  and  that  diaphragm  rupture  occur  sim¬ 
ultaneously  at  all  six.  Inspection  of  multiple  orifice  diaphragms  after  rup¬ 
ture  indicated  that  all  six  orifices  opened  fully,  exhibiting  individual  rup¬ 
ture  patterns  which  were  qualitatively  similar  to  the  single  orifice  diaphragm. 
A  test  was  also  conducted  in  which  the  oerpression  tube  was  fired  at  conditions 
producing  a  peak  pressure  vrithin  85%  of  the  diaphragm  rupture  pressure,  without 
actually  causing  rupture.  It  was  observed  that  nearly  equal  yield  occurred  on 
all  six  orifices,  with  the  displacement  of  the  initially  flat  diaphragm  at  the 
centre  of  each  orifice  varying  by  only  ±4%  about  a  mean  of  0.38  orifice  diam¬ 
eters.  Ccnparison  of  diaphragm  kinetic  energy  and  strain  energy  of  deforma¬ 
tion  during  yield  at  the  rate  of  pressure  rise  experienced  in  the  test  indica¬ 
ted  that  the  diaphragm  was  essentially  statically  loaded.  Thus,  if  it  was 
assumed  that  the  diaphragm  distorted  at  each  orifice  as  a  spherical  surface, 
and  ruptured  at  a  fixed  distortion  level,  then  the  variation  of  ±4%  at  the 
centre  of  the  diaphragm  could  be  interpreted  as  a  variation  of  ±1%  in  the 
rupture  pressure.  Since  the  pressure  near  rupture  was  varying  at  a  rate  of  1% 
in  30 v  sec. ,  this  indicated  that  rupture  vras  simultaneous  to  within  a  time  of 
the  order  of  60 u  sec.  During  (his  time,  the  shock  wave  travelled  only  1m.  of 
the  8m.  shock  tube  length  at  the  hipest  shock  speed  tested. 
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Use  of  the  cyclone  effect  has  led  to  marked  reductions  in  the  level  of 
damage  due  to  diaphragm  fragments.  Damage  to  models  mounted  on  the  axis  of  the 
shock  tube  is  confined  to  a  mild  'sand-blasting'  effect,  coupled  with  an  impact 
by  a  small  diaphragm  fragment  in  every  20  to  30  shots.  Fig.  2.  demonstrates 
this  improvement,  showing  the  damage  sustained  by  the  hardened  steel  replace¬ 
able  leading  edge  insert  for  the  axi-synnetric  supersonic-hypersonic  expansion 
nozzle  used  in  nan-reflected  shade  tunnel  operation.  The  insert  on  the  left  of 
the  photograph  displays  the  damage  sustained  in  approximately  80  shots  with  a 
conventional  diaphragm  arrangement,  whilst  that  on  the  right  demonstrates  the 
much  lower  level  of  damage  associated  with  twice  that  nurber  of  ahots  using  the 
modified  diaphragm  arrangement. 

In  order  to  confirm  that  the  cyclone  effect  was  an  important  factor  in 
reducing  da.mage,  seme  experiments  were  conducted  in  the  T2  facility  with  the 
vortex  cavity  plate  replaced  by  a  radial  flow  cavity  plate  in  which  the  flow 
was  directed  towards  the  axis  of  the  shock  tube  i.e.  the  circumferential  com¬ 
ponent  of  flow  was  eliminated. 


A  copper  disc  was  placed  at  the  downstream  end  of  the  shock  tube  and,  after  four 
shots,  was  severely  pitted  by  diaphragm  fragments,  the  vortex  cavity  plate  was 
then  replaced  and  a  new  copper  disc  inserted.  A  further  four  shots  yielded 
less  pitting  of  the  copper  disc,  with  the  pitting  confined  to  a  region  close  to 
the  walls  of  the  shock  tube.  This  is  consistent  with  a  cyclone  effect,  which 
is  centrifuging  the  larger  diaphragm  particles  to  the  walls  of  the  shock  tube. 
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Use  of  the  multiple  orifice  arrangement,  involving  radial  injection  of  the 
driver  gas  into  the  shock  tube,  may  be  expected  to  produce  a  strong  "vena  con- 
tracta"  effect,  and  thus  act  as  a  throttling  orifice  at  the  entry  to  the  shock 
tube.  It  may  also  be  expected  to  generate  shock  waves,  which  lead  to  an  en¬ 
tropy  rise  in  the  driver  gas. 

These  effects  will  influence  the  shock  tube  performance  in  a  manner  which 
is  difficult  to  model  "a  priori".  However,  it  is  possible  to  make  an  overall 
assessment  of  their  influence  by  measuring  a  range  of  shock  speeds  for  a  given 
driver  condition  and  using  these  to  deduce  the  driver  pressure  and  speed  of 
sound  for  an  equivalent  constant  area  shock  tube  -  i.e.  one  which  yields  the 
same  shock  speeds  over  the  range  studied. 

Results  of  such  measurements  in  T3  are  presented  in  fig.  3.  These  tests 
were  conducted  with  a  main  diaphragm  rupture  pressure  of  750  atm. ,  and  a  driver 
gas  volumetric  compression  ratio  of  83,  as  estimated  from  the  ratio  of  dia¬ 
phragm  rupture  pressure  to  the  pressure  of  the  driver  gas  before  compression. 
The  associated  speed  of  sound  in  the  helium  driver  gas  at  diaphragm  rupture  can 
then  be  calculated  as  5.04  km.s  1.  A  number  of  different  test  gases  were  used, 
and  so  the  shock  speed  is  most  conveniently  plotted  against  the  ini  tied  test 
gas  density  in  the  shock  tube.  The  shock  speeds  were  averaged  over  a  distance 
of  3.5  m  to  5.5  m.  from  the  main  diaphragm,  where  the  shock  speed  attenuation 
was  typically  5%  per  metre.  It  can  be  seen  that  the  measurements  are  consist¬ 
ent  with  an  equivalent  driver  pressure  and  speed  of  sound  of  150  atm.  and  7.5 
km.s  ■*-  respectively. 


FIG.  3.  SHOCK  TUBE  PEItfOBfftfCE 

These  results  may  also  be  compared  with  those  pertaining  to  a  single 
orifice  diaphragm.  For  exanple,  the  predicted  shock  speed  variation  may  be  ob¬ 
tained  for  such  a  configuration  by  assuming  ideal  shock  tube  behaviour,  with  an 
infinite  area  ratio  contraction  at  the  diaphragn,  and  using  the  diaphragm  rup¬ 
ture  pressure  and  speed  of  sound,  as  noted  above,  as  driver  reservoir  condi¬ 
tions.  This  yields  curve  A  in  fig. 3.  However,  as  discussed  in  ref. 3,  the  free 
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piston  driver  with  a  single  orifice  diaphragm  itself  does  not  behave  in  an 
ideal  manner,  and  it  is  convenient  to  represent  its  behaviour  also  in  terms  of 
an  equivalent  constant  area  shock  tube.  The  appropriate  equivalent  driver 
pressure  and  speed  of  sound  may  be  obtained  by  reference  to  fig. 4  of  ref. 3, 
where  the  tailored  interface  shock  Mach  nurrber  and  pressure  after  shock  reflec¬ 
tion  are  plotted  against  the  driver  gas  volumetric  ocnpression  ratio.  Using 
the  pressure  ratio  at  shock  reflection,  it  is  then  possible  to  deduce  the  con¬ 
ditions  in  the  driver  gas  at  the  contact  surface  and  hence,  the  equivalent 
driver  pressure  and  speed  of  sound.  For  the  above  diaphragm  rupture  conditions, 
this  yields  values  of  310  atm.  and  6.0  km. s  1  respectively,  and  leads  to  curve 
B  on  fig. 3. 

It  can  be  seen  that,  in  ootparison  with  either  the  ideal  or  the  actual 
single  orifice  diaphragm  performance,  the  multiple  orifice  diaphragm  yields 
shock  speeds  hfriich  are  reduced  at  high  initial  shock  tube  densities,  and  in¬ 
creased  at  low  densities.  This  is  associated  with  a  reduction  in  the  equiva¬ 
lent  driver  pressure,  and  an  increase  in  the  speed  of  sound.  The  reduction  in 
equivalent  driver  pressure  in  itself  is  explicable  in  terms  of  an  effective 
area  reduction  at  the  entrance  to  the  shock  tube,  arising  from  the  "vena  con¬ 
tracts"  effect  but,  when  considered  in  con  junction  with  the  increase  in  sound 
speed,  it  is  clear  that  it  must  be  associated,  at  least  in  part,  with  an  in¬ 
crease  in  the  entropy  of  the  driver  gas.  Noting  that  the  equivalent  driver 
conditions  are  related  to  actual  conditions  in  the  driver  gas  at  the  contact 
surface  through  an  isentropic  process,  it  is  possible  to  calculate  the  entropy 
change  in  the  driver  gas  by  using  the  ncn-isentropic  relation  (e.g.  ref .4) . 

AS/Cv  =  (y-1)  In  (Pj/fg)  +  2Y  In  (a^a^  (1) 

where  p  and  aR  are  driver  gas  pressure  and  speed  of  sound  at  rupture,  P  and 
a  are  the  equivalent  driver  pressure  and  speed  of  sound,  AS  is  the  entrSpy 
change,  the  specific  heat  at  constant  volume,  and  y  the  ratio  of  specific 
heats.  For  the  multiple  orifice  diaphragm  in  fig. 3.,  this  yields  AS/Cy  =  2.4. 

The  entropy  rise  in  the  driver  gas  was  explored  further  through  a  series 
of  experiments  in  T2,  in  which  records  were  taken  of  the  pressure  at  the  end  of 
the  shock  tube  after  shock  reflection.  As  shown  in  the  wave  diagram  in  fig. 4. 
(a) ,  the  shock  tube  was  operated  in  the  "equilibrium  interface"  condition,  in 
which  the  wave  system  produced  by  interaction  of  the  reflected  shock  with  the 
contact  surface  is  allowed  to  danp  out,  leaving  the  contact  surface  stationary. 
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FIG.  4.  ENTROPY  RISE  IN  THE  DRIVER  GAS 
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with  a  shock  wave  propagating  upstream  in  the  driver  gas  to  bring  the  driver 
gas  to  rest.  In  the  experiments,  a  wave  passed  from  the  end  of  the  shock  tube 
to  the  contact  surface  in  less  than  50y  sec.,  a  period  which, as  shown  by  the 
typical  record  of  pressure  after  shock  reflection  in  fig. 4  (a) ,  is  relatively 
short  ccrrpared  with  the  period  for  which  pressure  remains  constant.  Thus,  by 
measuring  the  pressure  at  200  to  300 y  sec.  after  shock  reflection,  a  value  was 
obtained  for  P  ,  the  pressure  behind  the  shock  wave  which  brings  the  driver 
gas  to  rest  at°the  equilibrium  interface  condition.  The  pressure  in  the  driver 
gas  upstream  of  this  shock  wave  (i.e.  the  pressure  at  the  contact  surface) 
could  be  calculated  from  the  shock  speed  and  the  initial  shock  tube  pressure, 
leading  to  the  pressure  ratio  across  the  driver  gas  shock  wave  and  hence,  the 
driver  gas  Mach  number  at  the  contact  surface.  In  conjunction  with  the  shock 
speed,  this  yielded  the  contact  surface  velocity  and  speed  of  sound  and  allowed 
calculation  of  the  equivalent  driver  pressure  and  speed  of  sound.  The  entropy 
rise  in  the  driver  could  then  be  determined  from  eqn. (1) . 

Results  are  plotted  against  shock  speed  in  fig. 4(b) .  For  a  driver  volu¬ 
metric  compression  ratio  of  51,  tests  were  conducted  over  a  range  of  initial 
shock  tube  pressures  which  allowed  the  Mach  number  of  the  driver  gas  at  the 
contact  surface  to  vary  from  1.0  to  3.2.  It  can  be  seen  that  the  entropy  rise 
diminishes  as  the  shock  speed  increases  suggesting  that,  at  least  at  the 
higher  contact  surface  pressures,  part  of  the  entropy  rise  is  occurring  in  the 
shock  tube  flow  of  the  driver  gas.  This  is  consistent  with  the  presence  of  a 
strong  "vena  oontracta"  effect,  and  associated  flow  restriction,  at  the  en¬ 
trance  to  the  shock  tube,  proceeding  a  steady  expansion  bo  the  shock  tube 
cross-sectional  area,  followed  by  reocnpressicn  of  the  flew  through  a  moving 
shock  wave  system.  This  is  illustrated  in  fig. 5. 
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FIG.  5.  TENTATIVE  MDDEL  OF  DRIVER  GAS  FLOW 

Some  tests  were  also  made  at  a  lower  driver  gas  volumetric  compression 
ratio,  and  are  presented  in  fig.  4(b) .  They  serve  to  indicate  that  the  entropy 
rise  is  also  influenced  by  the  driver  gas  volumetric  compression  ratio,  a 
factor  which  may,  perhaps,  be  associated  with  the  strong  vortex  generated  by 
the  free  piston  as  it  travels  down  the  compress  ion  tube  (ref.  5) . 

CTCUONE  EFFECT  ON  SHOCK  SPEED 

As  already  noted,  the  circumferential  component  of  velocity  in  the  driver 
gas  as  it  enters  the  shock  tube  is  less  than  40%  of  the  radial  ccrrpcnent. 
Assuming  that  the  gas  velocity  is  no  greater  than  the  local  sonic  velocity,  it 
follows  that  the  kinetic  energy  associated  with  the  circumferential  motion  is 
less  than  4%  of  the  stagnation  enthalpy  of  the  driver  gas,  an  amount  which  is 
unlikely  to  significantly  affect  the  shock  tube  performance . 

This  was  confirmed  by  measurements  taken  in  T2  with  the  radial  flow  cavity 
plate.  In  comparison  with  the  vortex  cavity  plate,  no  detectable  difference 
could  be  observed  in  shock  speeds  or  in  the  magnitude  and  time  dependence  of 
the  post  reflection  pressures  at  the  downstream  end  of  the  shock  tube. 
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TEST  TSE  MASUPEJENTS 


TO  confirm  that  the  driver  gas  circunf erentia  1  component  of  velocity  did 
not  significantly  influence  the  development  of  the  contact  surface,  measure¬ 
ments  of  test  time  were  taken  in  T3  whilst  it  was  operating  as  a  non-reflected 
shock  tunnel.  Time  resolved  spectra  were  taker  of  the  visible  radiation 
emitted  frcm  the  stagnation  region  of  a  hemi spherically  blunt  body  in  the  test 
section.  Tests  were  made  with  a  mixture  of  30%  hydrogen  and  70%  neon  as  test 


FIG.  6.  TEST  TBE  >EfiSUFU*NIS 
Driver  :  He  ,  Test  gas: 

Distanoe  from  main  diaphragm  =  8m. 


30H2-70He 


gas,  operating  at  shock  speeds  such  that  the 
and  H  lives  could  be  clearly  observed 
during  the  test  period.  Arrival  of  the 
contact  surface  was  marked  by  the  sudden 
onset  of  inpurity  radiation. 


Results  are  conpared  with  theoretical 
predictions  in  fig.  6.  The  cross  hatched 
curve  represents  the  test  times  estimated  by 
Mirels'  theory  (ref. 6),  modified  bo  take 
account  of  expansion  nozzle  effects,  according  to  method  of  characteristics 
calculations  of  the  unsteady  nozzle  phenomena  (ref .7) .  Assuming  that  the 
theoretical  times  between  arrived  of  the  primary  shock  and  the  acntact  surface 
represent  the  maxiiiun  which  can  he  expected  in  the  presence  of  tube 

boundary  layer  effects,  it  can  be  seen  that  the  circumferential  notion  of  the 
driver  gas  did  not  grossly  affect  the  shock  tube  test  time. 
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The  cyclone  effect  can  be  used  to  separate  diaphragm  fragments  from  the 
driver  gas  in  a  shock  tube  without  in  itself  significantly  affecting  shock 
speeds  or  test  times.  In  the  present  experiments,  it  was  found  that  a  rela¬ 
tively  small  circumferential  velocity,  involving  an  energy  oenponent  which  was 
less  than  4%  of  the  driver  gas  reservoir  enthalpy,  was  sufficient  to  dramatic¬ 
ally  reduce  the  level  of  damage  caused  by  diaphragm  fragments.  Although 
changes  were  observed  in  the  shock  speed,  it  was  found  that  they  were  associa¬ 
ted  with  the  use  of  a  multiple  orifice  diaphragm.  This  caused  an  entropy  rise 
in  the  driver  gas,  by  virtue  of  both  the  ocuplex  flow  situation  at  the  entrance 
to  the  shock  tube  and  the  possible  reoorpression  shock  system  in  the  shock 
tube. 


Although  the  experiments  were  conducted  in  a  free  piston  shock  tube,  they 
suggest  that  the  same  basic  method  may  be  effective  in  removing  diaphragm 
fragments  in  more  conventional  configurations.  Howerer,  no  tests  have  been 
conducted  to  substantiate  this  view. 
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A  new  pressure-driven  shock  tube  has  been  designed,  incor¬ 
porating  a  spring-loaded  ball  valve  in  lieu  of  a  diaphragm. 
One  rigid  driver  section  is  used  to  generate  shock  waves 
simultaneously  in  one  or  more  flexible  driven  sections. 

Long  flexible  copper  tubings  have  been  used  as  a  driven 
section  with  a  square  cross-section  test  section.  Luminous 
shocks  have  been  successfully  produced  in  air,  argon  and 
xenon  for  tubings  as  small  as  I.78  mm  in  inner  diameter  and 
well  over  1000  in  length-to-radius  aspect  ratio .Further¬ 
more,  the  tubings  have  been  bent  into  arbitrary  /Shapes  with 
radius  of  curvature  as  small  as  ten  tube  radii  without 
measurable  degradation  of  shock  tube  performance.  A  large 
portion  of  the  driver  gas  is  recovered  after  each  shot  and 
the  driven  section  remains  free  of  contamination  by  expos¬ 
ure  to  the  atmosphere  and  diaphragms .  Coupled  with  the 
flexibility  and  the  unprecedented  reproducbility ,  this 
feature  makes  the  shock  tube  well  suited  for  a  wide  range 
of  quantitative  spectroscopic  applications .  A  detailed 
analysis  of  the  exact  relationship  between  the  valve  char¬ 
acteristics  and  the  shock  wave  properties  is  given. 


INTRODUCTION 

Historically,  pressure-driven  shock  tubes  have  remained  rigid,  rectilinear 
and  uniform  in  crosssection  to  a  high  degree  of  precision.  Due  to  their  early 
successful  applications  for  studies  of  flows  past  bodies,  the  shock  tubes  are 
generally  large  in  crosssection  and  long  and  consequently,  they  require  large 
space  and  command  special  measures  to  adapt  diagnostic  instruments  to  the  pe¬ 
culiarities  of  a  given  shock  tube.  There  are  also  the  matters  regarding  dia¬ 
phragms:  While  relatively  simple  to  provide,  they  are  used  only  once  and 
their  rupture  characteristics  difficult  to  predict  precisely,  thus  leading  to 
a  degree  of  uncertainty  in  the  reproducibility  of  given  experiments.  Dia¬ 
phragms  are  also  one  of  the  main  sources  of  contamination  of  the  driven  sect¬ 
ion  and  contribute  to  poor  duty  cycle  of  the  experiment.  Many  ingeneoqs  de¬ 
signs  for  speedier  diaphragm  changes  have  been  advanced  and  used  but  the  prob¬ 
lems  such  as  diaphragm  debries  and  poor  reproducibility  remain. 

Shifts  in  the  emphasis  to  the  shock  tubes  as  a  tool  for  studies  of  kin¬ 
etics  can  help  relax  the  above  requirements  of  the  pressure-driven  shock  tubes . 
First  of  all,  the  crosssection  of  the  driven  section  might  be  reduced  drastic¬ 
ally  and  this  paves  a  way  to  give  flexibleness  to  the  driven  section  of  a 
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shock  tube.  Earlier  studies^-  of  shock  attenuation  and  shock  tube  flow  dura¬ 
tion  have  established  that  due  to  the  losses  of  shocked  gas  molecules  through 
the  boundary  layers  of  the  primary  shock  flow  the  shock  speed  decreases  sub¬ 
stantially  below  the  ideal  value  and  the  primary  shock  flow  fails  to  grow  in 
length  linearly  with  the  length  of  the  driven  section.  This  means  further 
that  irregular  events  upstream  near  the  diaphragm  have  little  influence  on  the 
uniformity  of  the  shock  tube  flows  near  the  endwall  located  far  downstream. 
Placement  of  a  perforated  disc  immediately  downstream  of  the  diaphragm  to  pro¬ 
duce  very  weak  shock  waves2  is  an  example  of  such  an  implication.  Techniques3 
of  a  splitter  plate  and  a  cookie  cutter  represent  another  such  examples . 

Following  the  above  reasoning,  the  concept  of  a  diaphragmless  flexible, 
luminous  shock  tube  has  been  proposed,  and  successfully  tested  by  construct¬ 
ing  such  a  shock  tube  featuring  the  full  concept.  The  shock  tube  employs  a 
fast  acting  ball  valve  in  lieu  of  the  diaphragm  and  consists  of  one  rigid  cy¬ 
lindrical  driven  section  and  one  or  more  flexible  driven  sections,  simultan¬ 
eously  driven  by  the  single  driver. 

Results  on  hand  thus  far  indicate  that  the  new  shock  tube  will  be  useful 
for  spectroscopic  studies,  as  non-electric  delay  lines  and  for  creation  of  an 
extended  gas  dynamic  laser  medium.  Aside  from  the  inherent  economy  in  space 
and  consumables  such  as  the  driver  gas,  the  small  size  and  flexibility  make  it 
simpler  to  adapt  the  shock  tube  to  specialized  diagnostic  instruments  and  un¬ 
usual  pressure  or  temperature  environment. 

In  the  following,  we  describe  the  construction  of  the  shock  tube  and  the 
overall  performance  data .  Comments  on  future  improvements  are  given  in  the 
end. 


CONSTRUCTION  OF  THE  SHOCK  TUBE 

The  shock  tube  is  equipped  with  a  single  cylindrical  driven  section  of 
2.22  cm  inner  diameter  and  60  cm  in  length.  The  driven  section  can  readily 
handle  high  pressure  gas  of  up  to  135  atm  in  pressure  and  is  connected  direct¬ 
ly  to  one  side  of  the  ball  valve.  On  the  other  side  of  the  valve  a  vacuum 
manifold  is  connected  to  handle  evacuation  and  gas  mixing  requirements.  Up 
to  this  point  the  inner  diameter  of  the  shock  tube  is  maintained  uniformly  at 
2.22  cm,  including  the  valve  in  its  open  position.  One  or  more  flexible  driv¬ 
en  sections  are  connected  to  the  manifold.  Each  driven  section  is  terminated 
with  a  test  section  having  a  flat  endwall.  The  driven  section  consists  of 
uniform  diameter  copper  tubing,  varying  in  length  from  25.4  to  122  cm.  Three 
different  tube  diameters  have  been  used:  I.78,  4.76  and  7-94  mm.  Up  to  three 
driven  sections  have  been  connected  to  the  manifold  for  simultaneous  genera¬ 
tion  of  up  to  three  shock  waves.  The  overall  arrangement  is  shown  schemat¬ 
ically  in  Fig.  1. 

These  driven  sections  have  been  bent  into  differing  shapes,  some  irregu¬ 
lar  and  another  helical,  for  most  of  their  lengths,  except  for  the  last  thirty 
tube  diameters  or  so  which  remained  reasonably  rectilinear.  No  apparent 
changes  in  the  shock  wave  characteristics  have  been  observed  when  the  radius 
of  curvature  at  some  point  in  the  driven  section  was  reduced  to  as  small  as 
’oen  tube  radii . 

Two  different  types  of  test  sections  have  been  employed:  some  of  circular 
crosssection  and  others  of  square  crosssection.  In  the  latter  case,  a  coup¬ 
ling  has  been  used  between  the  tubing  and  test  section  to  effect  a  smooth 
transformation  of  the  crosssectional  profile  from  a  circle  to  square.  All 
test  sections  are  machined  out  of  plexiglas  and  polished  to  a  transparent  fin¬ 
ish. 
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Fig.  1.  A  schematic  diagram  of  the  diaphragm- 
less,  flexible,  Luminous  shock  tube 
with  three  driver  sections. 


The  final  and  perhaps  the  most  critical  element  in  the  design  of  the 
shock  tube  is  the  fast  acting  ball  valve.  The  first  valve  used  is  the  Whitney 
7/8"  ball  valve  (Model  60  series)  with  one  change  in  design.  The  change  en¬ 
tails  replacement  of  two  molded  gaskets,  contoured  to  fit  snugly  over  the 
spherical  surface  of  the  ball,  with  two  0-ringed  flanges.  This  was  done  in 
order  to  reduce  the  friction  force  on  the  ball  and  thereby  improve  on  the  re¬ 
sponse  of  the  valve  to  a  sudden  application  of  a  torque.  The  valve  handle  is 
linked  to  one  end  of  an  expansion  spring  and  the  other  end  of  the  spring  is 
anchored  at  a  point  along  the  driver  section  of  the  shock  tube. 

In  operation,  the  valve  handle  is  first  armed  to  a  closed  position  (per¬ 
pendicular  to  the  driver  section)  by  means  of  a  cocking  bar  and  then  fired  by 
releasing  the  bar.  In  this  manner,  the  valve  is  initially  given  the  maximum 
torque  for  fast  action  and  settles  down  to  an  equilibrium  full-open  position 
without  requiring  any  breaking  action.  We  note  that  in  order  to  insure  the 
reproducibility  of  the  firing  action  the  cocking  pin  on  the  valve  handle  is 
fitted  with  a  ball  bearing  sleeve. 

The  valve  has  worked  well  right  from  the  first  trial  as  far  as  the  primary 
objective  of  producing  luminous  shocks  in  the  flexible  shock  tube  is  concerned. 
As  the  use  of  the  valve  continued,  the  valve  opening  time  begar  to  show  an  in- 
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creasing  scatter  due  to  a  wear  on  the  shaft  which  links  the  valve  handle  to 
the  ball.  The  original  stainless  steel  shaft  is  packed  only  with  an  O-ring 
and  three  plastic  washers  and  gradually  developed  the  wear  by  coming  into  con¬ 
tact  with  the  stainless  steel  body  of  the  valve.  Consequently,  a  modification 
has  been  made  to  the  valve  by  replacing  the  original  shaft  with  a  new  shaft 
which  is  supported  by  two  ball  bearings  and  sealed  with  an  O-ring.  Further¬ 
more,  a  second  shaft  of  similar  design  has  been  added  to  the  opposite  side  of 
the  ball.  In  this  way,  the  ball  becomes  completely  supported  independently  of 
the  two  main  O-rings  mentioned  earlier,  thus  reducing  the  driver  pressure  de¬ 
pendence  of  the  valve  opening  time.  Fig.  2  shows  schematically  the  details  cf 


Fig.  2.  An  exploded  view  of  the  fast  acting  ball 

valve.  B  denotes  ball  bearing  sleeves  for 
the  shafts  supporting  the  valve  ball. 


the  modified  ball  valve.  This  improvement  has  helped  stabilize  the  perform¬ 
ance  of  the  valve,  although  there  still  remains  some  degree  of  dependence  on 
the  driver  gas  pressure.  This  aspect  is  further  discussed  in  the  next  sect¬ 
ion. 


In  operation,  the  shock  tube  does  not  need  to  be  exposed  to  the  atmosphere 
at  all.  After  each  firing,  the  ball  valve  is  closed  by  returning  the  valve 
handle  to  the  armed  position,  the  driver  gas  trapped  in  the  driven  section  re¬ 
leased  and  the  driven  section  evacuated  and  refilled  with  a  measure  of  the 
driven  gas.  Much  of  the  driver  gas  is  recovered  at  high  pressure,  usually 
better  than  at  85$  of  the  original  pressure,  in  the  process.  Due  to  the  small 
volume  of  the  driven  sections,  the  pumping  time  for  evacuation  is  short,  thus 
improving  the  duty  cycle  of  the  shock  tube  immensely. 

The  initial  shake-down  period  of  the  shock  tube  is  relatively  brief.  Sev¬ 
eral  shots  loosen  up,  and  bring  down  to  the  endwall,  the  oxide  deposits  on  the 
inner  tubing  surfaces.  After  these  are  cleaned  up  once  or  twice,  the  test 
section  remains  clean  for  a  large  number  of  runs  to  follow. 


Diaphragmless  Flexible  Shock  Tube 
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PERFORMANCE  OF  THE  SHOCK  TUBE 

The  shock  tube  has  been  operated  using  hydrogen  as  the  driver  gas  in  the 
pressure  range  of  30  to  85  atm.  Air,  argon  and  xenon  have  been  used  as  the 
driven  gas  in  the  pressure  range  of  10  to  30  torr.  Observations  have  been 
limited  to  the  shocks  strong  enough  to  produce  high  levels  of  luminosity  from 
the  shock  heated  gases.  Fig.  3  shows  time  integrated  white  light  photographs 


Fig.  3-  Time- integrated  white- light  photographs  of 
the  luminous  shock  tube  flows  near  the  end- 
wall  at  22.0  torr  driven  gas  pressure:  a)  air/ 
68.0  atm  Hg,  b)  argon/61.2  atm  Hg ,  c)  xenon/ 
49.0  atm  H^ ,  all  in  the  7*94  square  test  sec¬ 
tion;  d)  and  e)  xenon  runs  in  the  7-94  and 
4.76  mm  dia  test  sections  both  driven  sim¬ 
ultaneously  by  the  single  driver  section 
with  30.6  atm  Hg . 


of  the  shock  heated  gases  near  the  endwall  of  122  cm  long  shock  tubes:  a),  b) 
and  c)  show  the  runs  with  air,  argon  and  xenon  in  a  7-94  mm  square  test  sect¬ 
ion,  respectively;  d)  and  e)  show  the  shocked  xenon  emissions  in  two  cylin¬ 
drical  test  sections  of  7- 9*+  nm  and  4.76  mm  dia,  respectively,  both  driven 
simultaneously  by  a  single  charge  of  hydrogen.  In  all  cases,  the  test  sect¬ 
ion  window  is  6.35  cm  long  and  the  full  width  of  each  test  section  is  left  un¬ 
obstructed  for  the  camera . 

Much  of  the  luminosity  is  due  to  multiply  reflected  shocks  in  each  run  and 
consequently  some  irregular,  filamentary  emission  patterns  are  visible  on  the 
upstream  side  of  the  shock-heated  gas  slug.  Rotating  drum  camera  pictures 
also  show  that  the  majority  of  luminosity  originated  from  the  multiply  reflect¬ 
ed  shock  region  in  all  of  the  latest  series  runs  with  the  modified  ball  valve 
design.  The  above  observation  is  closely  related  to  the  fact  that  the  high¬ 
est  shock  Mach  number  in  the  122  cm  shock  tubes  has  been  limited  to  about  4.5, 
as  determined  from  some  streak  photographs  and  photomultiplier  pickups  at  two 
different  positions  near  the  endwall.  We  will  focus  our  attention  to  this  as¬ 
pect  later  on. 

Overall,  the  luminosity  from  the  multiply  reflected  shocks  lasts  for  per¬ 
iods  far  greater  than  In  the  conventional  luminous  shock  tubes.  For  example, 
the  luminosity  lasting  up  to  four  milliseconds  has  been  observed  in  the  122  cm 
long,  7.94  mm  dia.  driven  section  containing  air  initially  at  22.0  torr  while 
the  time  of  shock  propagation  over  the  entire  length  of  the  driven  section  is 
only  about  one  millisecond.  This  feature  appears  to  arise  from  the  fact  that 
the  pressure  profile  upstream  of  the  interface  steepens  much  more  sharply  here 
than  in  the  conventional  shock  tubes  due  to  the  large  crosssectional  disparity 
between  the  driver  and  driven  sections  and  to  the  characteristic  rate  of  valve 
opening . 


I«1  Kim 

A  considerable  effort  has  been  exerted  to  establishment  of  the  exact  re¬ 
lationship  between  the  ball  valve  characteristics  and  the  properties  of  the 
shock  waves  in  different  diameter  driven  sections .  The  relationship  plays  the 
central  role  in  explaining  the  gross  features  mentioned  above,  achieving  a 
stable  reproducibility  regime  and  also  in  improving  the  shock  tube  perform¬ 
ance.  In  Fig.  4  a  summary  of  runs  is  given  in  which  the  valve  opening  time, 


Fig.  4.  The  shock  arrival  time,  At  .  ,  ,is 

shock 

plotted  as  a  function  of  the  valve 
opening  time,  4tvalve,  for  the  7.94 

mm  dia  test  section  at  two  different 
hydrogen  pressures . 


^ valve ’  as  defined  by  the  time  for  the  valve  handle  to  rotate  112°  from  its 

initial  cocked  position,  is  compared  to  the  shock  arrival  time.  At  ,  as 

shock 

measured  from  the  moment  of  valve  release  to  that  of  the  shock  arrival  at 
4.21  cm  upstream  of  the  endwall  of  the  122  cm  long,  7.94  mm  dia.  driven  sec¬ 
tion.  All  runs  were  made  in  22.0  torr  air  but  driven  by  hydrogen  at  two  dif¬ 
ferent  pressures:  68.0  and  75*8  atm  at  room  temperature. 

First,  one  finds  an  unmistakably  distinct  treni  that  the  slower  the  valve 
opening  time  the  tardier  the  shock  arrival  becomes.  A  reasonable  estimate  for 
the  time  of  shock  propagation  over  the  length  of  the  driven  section  should  lie 
between  O.75  and  1.7  msec,  whereas  the  variation  in  Atshoclc  is  considerably 

larger.  This  points  to  a  role  of  the  valve  in  the  process.  Secondly,  one 
sees  that  at  the  lower  driver  gas  pressure  Atshock  is  smaller  than  that  at  the 

higher  pressure,  again  by  an  amount  greater  than  the  possible  variation  of  the 
shock  propagation  time.  The  latter  observation  also  points  to  the  behavior  of 
the  ball  valve  because  as  the  driver  gas  pressure  increases,  the  load  on  the 
ball  bearings  within  the  valve  increases  and  consequently  the  friction  force 
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increases,  thus  impeding  opening  of  the  valve. 

We  can  analyse  the  time  response  of  the  ball  valve  quantitatively  by  con¬ 
sidering  the  equation  of  motion  of  the  valve: 

I  8  =  k(S  -  S  )  r  -  f  a  (1) 

'  o  o 

where  I  is  the  moment  of  inertia  of  the  valve  handle/ball  system,  k  the  spring 
constant,  f  the  friction  force  on  the  valve  shaft  and  ball  and  aQ  the  effect¬ 
ive  radius  of  the  shaft/bail  system,  r  is  the  moment  arm  length  of  the  valve 
handle  and  is  given  by 

r  =  R  cos  0  .  (2 ) 


where  R  is  the  length  of  the  valve  handle  between  the  axes  of  the  valve  shaft 
and  cocking  pin.  0  is  the  angular  position  of  the  valve  handle  with  respect 
to  its  initial  cocked  position.  S  denotes  the  length  of  the  spring  and  SQ  the 
unstretched,  equilibrium  length  of  the  spring.  Denoting  by  L  the  distance  be¬ 
tween  the  shaft  axis  and  the  point  where  the  spring  is  anchored,  we  have  the 
following  relationship  among  S,  L,  R  and  0: 

S2  =  L2  +  R2  -  2LR  cos^|  -  %j  (3) 


It  is  not  necessary  to  determine  I,  k  and  f  aQ  independently  in  order  to 
solve  eq.  (l).  Instead,  eq.  (1)  is  solved  self  consistently  by  a  numerical 
method,  using  the  known  values  of  At  ,  the  first  turning  point  (0  )  of  the 
valve  handle  following  its  release  and  the  R/L  and  So/L  ratios.  For  this  pur¬ 
pose,  we  define 


and  K 


oo 


For  &tvalve  =  30  ms,  R/L  =  0.41,  Sq/L  =  0.35  and  @t  =  135°  we  find  F  =  2300 

and  K  =  12000  in  cgs  units.  The  boundary  condition  that  0(t=O)  =  0(t=O)  =  0 

has  been  used,  where  the  time  t  is  measured  from  the  moment  of  valve  release. 

The  solid  curve  in  Fig.  5  gives  the  full  history  of  the  valve  opening  as  a 

solution  ox  eq.  (1)  under  this  condition.  The  ball  valve  begins  to  open  at  0;. , 

which  is  12.24°,  and  this  corresponds  to  t  =  7 *2  ms.  The  primary  shock  is  de4 

tected  1.2  ±  0.3  ms  later.  This  means  that  the  shock  wave  characteristics  are 

determined  by  the  valve  opening  process  during  the  period  no  longer  than 

500  ps  beyond  0  . 

s 


It  is  reasonable  to  expect  that  the  larger  the  rate  of  opening  around  0S 
the  stronger  the  shock  becomes .  One  might  ask  them  how  this  rate  can  be  in¬ 
creased.  We  show  three  additional  calculations  involving  i)  a  decrease  of  the 
friction  by  a  factor  of  two  (dashed  line),  ii)  a  non- zero  initial  angular  ve¬ 
locity  of  the  valve  (broken  line)  and  iii)  a  doubling  of  the  spring  constant 
(dotted  line).  The  decreased  friction  significantly  increases  the  rate  of 
valve  opening  about  0g  and  this  is  consistent  with  the  observation  made  earl¬ 
ier  on  the  driver  pressure  dependence  seen  in  Fig.  4.  Clearly,  the  most  ef¬ 
fective  avenue  is  to  increase  the  spring  constant,  although  the  long  term  in¬ 
tegrity  of  the  valve  shaft  must  be  taken  into  consideration  before  exploiting 
this  to  the  fullest  extent.  Of  course,  the  ratios  R/L  and  S0/L  will  also  fig¬ 
ure  importantly  in  the  optimization  effort.  It  thus  appears  that  the  maximum 
Mach  number  observed  with  the  present  ball  valve  is  due  to  the  present  maximum 
rate  of  valve  opening.  With  a  combined  improvement  by  reducing  the  friction 
and  increasing  the  spring  constant,  the  Mach  number  can  be  increased  substan¬ 
tially. 


Finally,  the  arrival  times  of  two  shock  waves  in  two  different  driven  sec¬ 
tions  (4.76  and  7-94  mm  dia.),  driven  simultaneously  by  the  single  driver  sec- 
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Fig.  5-  The  angular  position 
of  the  ball  valve  is  plotted 
as  a  function  of  time  from  the 
moment  of  valve  release,  as  ob¬ 
tained  from  the  numerical  solu¬ 
tion  of  eq.  (1)  (solid  line). 
Other  results  show  the  influ¬ 
ence  of  the  friction  (dashed 
line),  the  initial  angular 
velocity  (broken  line)  and  the 
spring  constant  (dotted  line). 
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tion,  are  compared  in  Fig.  6.  At  each  Atva^ve  value,  the  two  shock  arrival 

times  have  been  measured.  The  shocks  propagate  more  slowly  in  smaller  dia¬ 
meter  tubes  due  to  the  increasingly  large  function  of  the  boundary  layers  pre¬ 
sent  in  the  primary  shock  flow.  The  results  of  Fig.  6  are  indeed  consistent 
with  this  expectation.  We  also  note  that  the  streak  photographs  of  the  runs 
in  air  show  the  reflected,  shock  bifurcation  similar  to  those  observed  in  the 
conventional  shock  tubes . 

CONCLUDING  REMARKS 


We  have  proposed  a  new  concept  of  the  diaphragmless,  flexible,  luminous 
shock  tube,  demonstrated  its  soundness  by  constructing  such  a  shock  tube  and 
identified  the  essential  relationship  between  the  ball  valve  characteristics 
and  shock  wave  properties.  Sufficient  ground  work  has  been  done,  and  the 
direction  for  further  development  indicated,  for  establishment  of  the  shock 
tube  as  a  contamination- free ,  highly  reproducible  tool.  Especially,  the  fea¬ 
ture  that  many  shock  waves  can  be  produced  simultaneously  with  this  design  of¬ 
fers  a  broad  range  of  opportunities  for  application.  Some  examples  are  the 
use  of  the  shock  tube  as  a  non-electric  delay  line  ,  for  production  of  gas  dy¬ 
namic  laser  media  in  long  narrow  channels,  for  studies  of  reacting  systems 
with  many  different  relaxation  times  and  for  studies  of  thermodynamic  states 
requiring  extreme  pressures  and  temperatures . 

The  exceptionally  long  multiply  reflected  shock  regime  may  or  may  not  be 
useful,  depending  on  the  nature  of  a  particular  physics  in  question.  The 
rather  small  depth  of  the  shocked  gas  inherent  in  the  flexible  design  is  in  a 
way  a  drawback  because  of  decreased  luminosity  but  ready  availability  of  sen¬ 
sitive  optical  detectors  should  alleviate  this  difficulty.  It  is  reasonable 
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Fig.  6.  A  comparison  is 
made  between  the  shock 
arrival  times  in  two  simul¬ 
taneously  driven  flexible 
shock  tubes  of  equal  length 
but  of  different  diameters 
as  a  function  of  the  valve 
opening  time . 


to  expect  that  with  further  improvement  of  the  valve  response  in  the  manner 
suggested  stronger  shocks  can  be  readily  produced  in  flexible  shock  tubes. 
Much  of  the  diagnostics  can  be  easily  improved  to  bring  about  more  precise  de¬ 
scriptions.  We  believe,  however,  most  of  the  important  features  have  been  un¬ 
ambiguously  dealt  with  and  for  an  experimental  tool  of  a  first  order  design 
the  shock  tube  has  proven  to  be  phenomenally  successful.  It  is  hoped  that 
many  interested  investigators  would  put  the  shock  tube  to  varied  uses  in  the 
near  future . 

The  author  acknowledges  the  assistance  of  Nick  Bigelow  in  the  first  as¬ 
sembly  of  the  shock  tube . 
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A  POWDER-INJECTION  SHOCK-TUBE  FACILITY 


M.W.P.Cann,  J.B.Shin,  R.W.Nicholls 
Centre  for  Research  in  Experimental  Space  Science 
York  Unlversityt  Downsview,  Ontario  M3J  1P3 


Many  molecules  of  spectroscopic  interest  are  best 
obtained  for  study  in  the  laboratory  by  volatilis¬ 
ing  powdered  material*  For  this  purpose  a  conven¬ 
tional  pressure  driven  shock-tube  was  modified  to 
Include  a  powder-injection  capability*  In  order 
to  improve  reproducibility  from  one  ru(ff\to  the 
next  the  injection  and  firing  sequence  is  autom¬ 
atic  and  timed.  Other  features  include  safety 
checks,  a  set-up  monitor  to  reduce  bad  runs 
through  human  error,  and  several  operating  options. 
These  options  include  manual  or  automatic  mode, 
with  one  or  two  diaphragms,  overrides  on  moat 
operations,  sequence  Interrupt  on  external  trigger 
and  remote  operation  and  reset* 


INTRODUCTION 

Shock-tubes  have  been  used  for  several  decades  in,  amongst 
other  things,  spectroscopy,  reaction  kinetics,  heat  transfer  stud¬ 
ies  and  in  materials  research.  For  the  majority  of  these  studies 
the  working  medium  was  a  gas  but  in  recent  years  there  has  been  an 
increasing  need  to  consider  gaseous  suspensions  of  solid  material. 
This  is  especially  true  for  spectroscopic  studies,  which  provided 
motivation  for  the  facility  described  here. 

There  are  many  molecules  of  spectroscopic  interest,  and  of 
importance  in  other  areas  of  high  temperature  research,  which  do 
not  exist  under  normal  conditions.  In  many  cases  these  molecules 
can  be  generated  by  heating  an  appropriate  combination  of  gases, 
but  this  usually  results  in  the  presence  of  unwanted  molecular 
species  which  Interfere  with  the  work.  An  alternative  approach  is 
to  shock-heat  solid  material  in  powder  form.  This  powder  is  susp¬ 
ended  as  an  aerosol  in  a  gas  which  includes  any  other  elements 
needed  for  the  production  of  the  desired  molecular  species.  The 
powder  particles  are  volatilised  behind  the  shock  wave  and  local 
thermal  equilibrium  conditions  can  be  achieved.  This  then  allows 
one  to  obtain  the  chemical  composition,  temperature  and  pressure 
of  the  gas  from  chemical  equilibrium  computer  programs,  such  as 


Powder-Injection  Shock  Tube 


1 99] 


the  one  by  Cordon  and  McBride  (1971),  and  is  why  the  shock-tube  is 
such  a  useful  facility  for  spectroscopic  research.  The  powder- 
injection  approach  has  the  advantages  of  Introducing  fewer  extra¬ 
neous  eleaents  into  the  shock-tube,  and  of  additional  flexibility 
in  the  choice  of  nateriala,  but  the  disadvantages  that  it  Is 
harder  to  make  quantitative  composition  measurements  and  harder  to 
achieve  repeatable  conditions.  Factors  affecting  reproducibility 
now  Include  particle  size  distribution  and  uniformity  of  particle 
densities  in  the  working  section  of  the  shock-tube.  An  Important 
aspect  in  the  design  of  the  powder- in j ec t ion  system  was  the  need 
to  minimise  run-to-run  variations  and  to  optimise  reproducibility. 


DESIGN  FEATURES 

The  shock-tube  equipped  with  the  powder-injection  facility 
has  an  internal  diameter  of  3-inches  and  diaphragms  are  ruptured 
by  the  helium  gas  pressure  in  the  driver.  Basically  the  system 
operates  by  blowing  powder  into  a  settling  tank,  which  contains 
the  working  gas  to  be  used,  and  then  admitting  the  powder  suspens¬ 
ion  into  the  previously  evacuated  shock-tube.  After  a  short  time 
delay,  to  allow  the  gas  to  equilibrate,  the  diaphragm  is  ruptured 
and  a  shock  wave  initiated.  These  operations  are  controlled  by  a 
timer  or,  alternatively,  may  be  effected  separately  by  the  user. 

Figure  1  shows  details  of  the  powder-injection  operation. 

When  the  shock-tube  and  powder  injection-system  are  ready  for  a 


Figure  1. 

Diagram  of  Powder- 
Injection  System. 


tun  the  shock-tube  is  evacuated,  the  tank  contains  the  working 
gas,  usually  argon,  and  the  pressure  chamber  contains  the  same  gas 
at  about  45  pal  presaura  .  Powder  is  placed  in  the  end  of  a  small 
tube  which  projects  into  the  tank.  Starting  the  injection  oper¬ 
ation  starts  the  timer  and  lnitlatas  the  following  sequence 

1.  Tank  injection.  The  solenoid  valve  (Figure  1)  is  opened 
and  blows  the  powder  Into  the  settling  tank. 
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2.  Shock-tube  injection.  A  pneumatically  operated  valve  is 
opened  to  admit  the  gas-powder  suspension  into  the  shock- 
tube  . 

3.  Diaphragm  rupture,  which  is  achieved  in  one  of  two  ways 
as  discussed  below. 

The  times  between  the  above  operations,  i.e.  standing  or  settling 
times,  and  also  the  length  of  time  that  the  valves  remain  open  can 
all  easily  be  changed.  The  Cramer  timer  operates  a  system  of  cams 
which,  in  turn,  operate  micro-switches.  The  timer  has  a  synchron¬ 
ous  motor  which  can  also  be  changed.  For  most  of  the  work  with 
this  system  a  one-minute  cycle  has  proved  to  be  satisfactory,  and 
the  timer  stops  itself  after  one  cycle.  The  cycle  cannot  be  re¬ 
peated  until  the  system  has  been  reset. 

The  Powder  Hopper,  for  introducing  powder,  is  shown  in  Fig¬ 
ure  2.  Powder  is  placed  in  the  tube  and  the  cap  replaced.  This 
cap  is  grooved  to  direct  gas  from  the  pressure  chamber  down  the 
tube  when  the  solenoid  valve  is  opened. 


Figure  2.  Powder  Hopper  With 
Top  Removed.  Settling  tank 
shows  to  the  right  and  vertical 
pipe  in  foreground  carles  gas 
from  pressure  chamber. 


Figure  1  shows  a  conical  base  to  the  settling  tank  with  a 
scavenge  pipe  leaving  it.  The  scavenge  operation  is  used  to  rem¬ 
ove  exces  powder  between  runs.  The  tank  is  pressurised  to  about 
15  psi  with  nitrogen  or  argon  and  the  scavenge  valve  opened,  sweep 
lng  out  the  powder  which  has  accumulated  at  the  bottom  of  the  tank 
In  operation  powder  accumulates  in  a  number  of  unwelcome  places, 
including  the  vacuum  valves  on  the  settling  tank.  This  powder  dam 
ages  these  valves  when  they  are  next  operated.  So,  after  a  powder 
injection  operation,  Internal  jets  of  nitrogen  (or  argon)  blow  th£ 
powder  off  the  valves  before  they  are  opened. 

With  the  cycle  timer  controlling  the  various  steps  in  the 
operation  of  loading  the  shock-tube  with  gas-powder  suspension  it 
was  desirable  that  it  also  controlled  diaphragm  rupture.  Simply 
opening  the  fill  valve  was  considered  to  be  unsafe  so  the  signal 
from  the  timer  arms  the  line  to  the  fill  valve.  This  then  passes 
control  to  the  operator,  who  admits  more  helium  to  the  driver 
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until  diaphragm  rupture  occurs*  An  alternative  is  also  offered* 
The  shock-tube  may  be  operated  with  two  diaphragms  instead  of  one* 
These  diaphragms  are  separated  by  about  six  inches*  In  operation 
the  intermediate  chamber  is  filled  to  half  the  driver  pressure) 
such  that  neither  diaphragm  is  loaded  to  burst  point  but  that  the 
overall  pressure  drop  across  the  two  does  exceed  burst  pressure* 
The  timer  signal  now  causes  the  gas  in  the  intermediate  chamber  to 
be  vented  to  atmosphere,  thus  rupturing  the  diaphragms.  Again, 
the  open  time  of  the  vent  valve  can  be  varied. 

The  gas  handling  and  powder  injection  systems  are  shown  in 
Figure  3,  which  shows  the  system  of  valves  used  for  connecting  the 
driver  and  intermediate  sections  for  gas  filling,  test  and  run 
operations.  It  is  essential  that  these  valves  be  connected  corr- 


P  PNEUMATIC  OPERATION 


Figure  3.  Diagram  of  Pumping  and  Gas  Handling  Systems* 


ectly  and  to  avoid  accidents  they  are  all  fitted  with  micro- 
switches  which  sense  their  positions.  Optical  sensors  are  also 
placed  on  all  toggle  valves  on  the  control  panel  and  also  on  all 
vacuum  gauge  (thermocouple)  isolation  valves*  A  control  system 
was  constructed  for  ensuring  the  safe  position  of  all  valves  on 
the  shock-tube,  and  in  the  powder-injection  system,  before  any  gas 
fill  or  shock-tube  run  operation  can  be  Implemented. 


SAFETY 

One  aspect  of  safety  has  already  been  considered.  The  con¬ 
trol  system  ensures  that  ell  valves  are  in  s  safe  position  before 
any  gas  can  be  admitted  to  the  driver  or  Intermediate  sections, 
and  before  the  automatic  sequence  can  be  started.  This  protects 
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the  operator  and  the  equipment*  Powders  may  be  hazardous  to  health 
and  It  is  best  to  assume  that  this  Is  the  rule*  Consequently 
filters  were  Installed  to  clean  exhaust  gases  before  venting*  In 
addition  these  gases  are  mostly  vented  outside  the  building* 

Another  hazard  occurs  when  the  shock-tube  is  opened  for  cleaning 
and  a  movable  hood  is  lowered  over  the  end  at  this  time*  This  hood 
is  connected  to  a  high  volume  blower  and  an  absolute  filter  so  that 
there  is  no  danger  of  a  person  breathing  contaminated  air  when  he 
opens  the  shock-tube,  see  Figure  3* 


CONTROL  SYSTEM 

The  control  system  has  three  functions, 

1*  Safety*  All  valves  connecting  into  the  shock-tube  must  be 
closed  before  gas  can  be  admitted  into  the  driver  or  inter¬ 
mediate  sections,  or  before  the  automatic  sequence  can  be 
started.  Also  the  four-way  ball  valves  in  the  driver  gas¬ 
handling  system  have  to  be  set  in  different  positions  for 
the  various  operations,  and  the  control  system  ensures  that 
they  are  correctly  set. 

2*  Automatic  operation  of  the  powder-injection  and  firing  sequ¬ 
ence.  There  are  several  options  in  this  process  which  are 
listed  below. 

3.  Set-up  and  sequence  monitoring*  During  shock-tube  prepara¬ 
tion  there  are  a  number  of  operations  to  be  performed  any  of 
which  could  easily  be  overlooked,  e.g.  loading  powder,  evac¬ 
uation  of  the  settling  tank,  filling  tank  and  pressure  cham¬ 
ber.  These  processes  are  checked  with  micro-switches  in 
appropriate  places  and  recorded  on  a  Progress  Indicator* 


Figure  A  la  a  block  diagram  of  the  elements  of  the  control 
system,  the  electronics  of  which  chiefly  comprise  Transistor- 
Transistor  Logic  (TTL)  components  with  LED  panel  indicators. 


CONTROL  SrSTCU 


Figure  A.  Block  Diagram 
of  Shock-Tube  Control 
System. 


Powder-Injection  Shock  Tube 


1 103| 


Wherever  possible  micro-switches  were  used  on  valves  that  need 
monitoring  but  in  some  situations  a  photodiode  and  small  incand¬ 
escent  lamp  combination  was  necessary.  Figure  5  is  a  photograph 
of  the  control  panel  showing  the  elements  of  the  system. 


Figure  5.  Shock-Tube 
Control  Panel.  DCU 
may  be  seen  on  the 
right,  ACU  at  extreme 
left  and  P1U  and  P10 
just  left  of  centre. 
See  text  for  details. 


The  functions  of  these  elements  are  as  follows. 


a)  Driver  Interlock  Unit  (DIU) 

Verifies  safe  conditions  for  driver  fill,  shock-tube  run  or 
test  conditions.  LED  panel  display  indicates  status.  Veri¬ 
fies  that  driver  three-way  ball  valves  are  set  correctly: 
the  setting  depends  on  the  operation  selected. 

b)  Driver  Control  Unit  (DCU) 

Option  selection  and  driver  operation.  The  options  are 
1)  One  or  two  diaphragm  operation. 

11)  Automatic  or  manual. 

ill)  Test  mode.  Fill  line  is  routed  to  the  high  pressure 
gauge  so  that  the  sequence  of  operations  may  be 
checked  without  diaphragm  rupture, 
iv)  Scavenge  of  settling  tank.  This  can  only  be  selected 
when  shock-tube  is  not  set  to  run. 
v)  Pressure  switch  function.  A  dual  pressure-switch 
may  be  used  either  to  set  intermediate  and  driver 
pressures  or  for  a  warning  signal  and  maximum  pres¬ 
sure  limit  control. 

c)  Automatic  Control  Unit  (ACU) 

Verifies  status  of  driver  and  powder-injection  systems. 

Issues  start,  stop  and  reset  commands.  Option  to  switch  in 
automatic  stop  on  receiving  input  signal  from  external  equip¬ 
ment  (e.g.  pre-trigger  of  an  oscilloscope  or  counter).  If 
such  a  stop  occurs  any  valve  in  the  injection  sequence  may, 
optionally,  be  made  to  close  if  open  at  the  time.  Re-start 
issues  a  reset  command  to  external  Instrumentation. 
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d)  Powder  Injection  Operator  (PIO) 

The  sequence  of  events  in  the  powder-injection  operation  are 

Timer  start. 

Tank  inject.  Powder  is  blown  into  settling  tank. 
Shock-tube  inject. 

Signal  to  driver.  Vents  intermediate  section  with  2- 
diaphragm  operation,  otherwise  arms  fill  line  for 
operator • 

Signal  to  driver  turned  off. 

Any  of  these  operations  may  be  performed  manually.  Also  any 
of  them  may  be  switched  out  of  the  cycle.  Status  of  each 
operation  is  indicated  by  LEDs. 


e)  Progress  Indicator  Unit  (PIU) 

This  unit  has  five  functions. 

1)  Indicate  status  of  shock-tube  preparation  and  progress 
in  the  run  sequence  with  a  LED  display.  Completion  of 
each  step  is  required  before  the  next  can  be  registered 
and  the  shock-tube  cannot  be  run  until  the  preparation 
is  complete. 

11)  Overrides  are  provided  for  most  steps. 

ill)  Manual  termination  of  driver  or  intermediate  section 

filling,  i.e.  not  controlled  by  pressure-switch.  This 
is  achieved  by  manually  recording  completion,  of  the 
step  when  the  desired  pressures  (two  pressures  for 
2-diaphragm  operation)  are  reached.  Signal  of  comple¬ 
tion  is  transmitted  back  to  the  DCU,  necessitating  reset 
of  the  driver  valves  before  running. 

lv)  Reset  control  system  for  new  run. 

v)  Prevents  automatic  cycle  from  repeating  even  if  start 
button  is  pressed. 


f)  Remote  Control  Unit  (RCU) 

Attached  by  cable  to  ACU  this  permits  remote  operation  of 
the  shock-tube,  with  start,  stop  and  equipment  reset  func¬ 
tions.  Some  of  the  indicators  of  the  DCU,  ACU  and  PIU  are 
duplicated. 


CONCLUSIONS 

This  system  has  been  used  successfully  in  spectroscopic 
studies  of  metal  oxide  molecules,  an  example  of  which  is  the  work 
on  the  spectrum  of  WO,  presented  at  this  symposium  by  Shin,  Cann 
and  Nicholls  (1981).  The  system  has  proved  effective  in  introduc¬ 
ing  powders  into  the  shock-tube,  increasing  safety  and  in 
reducing  the  number  of  runs  failing  through  human  error. 

There  are  a  number  of  variables  which  affect  the  performance 
of  the  powder-injection  operation  and  the  reproducibility  of  the 
results.  The  first  of  these  is  the  ability  to  achieve  consist- 
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ently  correct  pressures  in  the  working 
from  the  settling  tank*  Figure  6  shows 
limited  only  by  the  precision  of  the  pr 
Tlernen  dial  gauges  in  this  case.  Othe 


section,  after  expansion 
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THE  TESTING  IN  BIA  HYPERSONIC  GUN  TUNNEL 


F.G.Zhuang,  M.X.Zhao,  B.P.He  and  X.J.Xu 
Beijing  Institute  of  Aerodynamics 
P.O.Box  7215,  Beijing,  China 


This  paper  presents  the  performance  of  a  hypersonic 
gun  tunnel  in  Beijing  Institute  of  Aerodynamics,  describes 
test  techniques  and  gives  several  representative  experi¬ 
mental  results. 

The  tunnel  uses  axisymmetrical  nozzle  with  an  exit 
diameter  0.6  meter.  The  test  Mach  numbers  are  from  8  to 
15.  The  test  Reynolds  numbers  are  from  1.9  x  106  to 
2.6  x  107  per  meter.  The  useful  running  time  is  about  25 
milliseconds . 

This  tunnel  is  equipped  with  some  apparatus  developed 
by  ourselves,  such  as  three-component  semiconductor  strain- 
gage  balance,  various  types  of  piezoelectric  and  strain- 
gage  pressure  transducers,  thermocouple  calorimeters, 
reservoir  thermocouple,  thin-film  platinum  resistance 
thermometers,  schlieren  system,  and  high-speed  drum  camera, 
etc . 

Several  types  of  measurements  can  be  made  in  this 
tunnel:  forces,  pressures,  heat  transfer  and  temperature 
distributions  on  a  static  model,  free  flight  tests,  and  flow 
visualization,  etc. 

In  the  flow  calibration,  the  reservoir  pressure, 
reservoir  temperature  and  the  Pitot  pressure  were  measured. 
The  current  operating  parameters  of  this  tunnel  are 
tabulated. 

Some  representative  experimental  results,  such  as  the 
free  flight  tests  of  standard  model  HB-2,  the  force  meas¬ 
urements  of  a  10-degree  semiapex  angle  cone  and  the  heat- 
transfer  distribution  on  a  hemisphere-cylinder  model  are 
presented.  The  given  experimental  data  are  compared  with 
theoretical  predictions  and  data  from  other  tunnels.  The 
agreements  are  fairly  well. 
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aFRVRAL  DESCRIPTIONS  OF  THE  FACILITY 

This  Bio  facility  is  a  light  piston  hypersonic  gun  tunnel, 
its  schematic  diagram  shown  in  Fig. 1 .  The  driver  section  is  5m 
long,  and  the  driven  section  10m.  Roth  tubes  have  an  internal 
diameter  150mm.  The  axisymmetric  conical  nozzle  has  a  10-degree 
seraiapex  angle,  with  an  exit  diameter  of  600mm,  and  three  inter¬ 
changeable  throats  of  diameters  35,  15  and  7.85mm  providing 

nominal  Mach  numbers  8,  12  and  15  respectively.  Two  cpntoured 
nozzles( for  Mach  8  and  12)will  be  added  shortly.  The  cylindrical 
test  section  is  1.8m  long,  has  an  internal  diameter  of  1.2m, with 
optical  glass  windows  of  450mm  diameter  on  both  sides.  The  capa¬ 
city  of  the  vacuum  tank  is  12.5m3.  The  vacuum  pumping  system 
consists  of  two  I1 1 50  slide  valve  pumps,  two  ZJ-1200  Roots  vacuum 
pumps  and  one  PHB-30  primary  air-extracting  pump, providing  pres¬ 
sures  down  to  about  10'3  torr.  The  compressor  system  consists  of 
diaphragm  compressors  03V  and  G5Z,  providing  pressures  up  to  800 
atm. 


Prior  to  a  run,  the  driver  section  is  separated  from  the 
driven  section  by  two  diaphragms  in  the  double- diaphragm  section. 
The  main  diaphragm  of  the  double  diaphragm  section  is  made  of 
aluminium  or  stainless  steel  plate  with  different  thicknesses 
according  to  the  driver  and  driven  pressures  used.  The  diaphragm 
is  fastened  with  a  hydraulic-auto-holder.  The  barrel  is  sealed 
from  the  nozzle  by  an  aluminium  diaphragm, a  plastic  diaphragm  or 
a  plastic  throat-plug.  The  light  piston  made  of  aluminium  is 
placed  next  to  the  downstream  end  of  the  double  -  diaphragm 
section. 

This  tunnel  uses  the  equilibrium  piston  technique, that  is, 
the  piston  weight  Wp  should  be  suitably  matched  with  initial 
pressure  ratio  of  the  driver  and  driven  gases  P/#./P|  ,  so  that 

when  the  piston  comes  to  rest, no  overshoot  or  intense  oscillation 
would  take  place.  Hence,  a  substantially  constant  reservoir 
pressure  could  be  maintained  during  useful  running  time. 


Fig.  1 


Schematic  Diagram  of  BIA  Hypersonic  Gun  Tunnel 
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FLOW  CALIBRATION 

Reservoir  pressure  was  measured  by  the  Institute-developed 
type  AKC-25  piezoelectric  pressure  transducers,  home-built  type 
ZQY-25^  and  Japan-built  type  PHF-30'.V  strain  pressure  transducers. 
A  typical  reservoir  pressure  record  trace  is  shown  in  Fig.  8. 

It  can  be  seen  from  Pig.  8  that  the  equilibrium  condition  of  the 
tunnel  operation  was  achieved,  and  the  ratio  of  the  peak,  pres¬ 
sure  'p  to  the  equilibrium  pressure  pe  is  within  the  range  of 
14  p/p  ^1. 1.  In  Fig.  2  the  measured  reservoir  pressure  values 
are  compared  with  the  predictions  given  by  the  equilibrium  pis¬ 
ton  theory  0.2),  indicating  that  the  measured  values  are  about 
25#  lower  than  the  calculated  ones.  This  discrepancy  is  supposed 
mainly  due  to  the  clearance  leakage  between  the  piston  and  the 
barrel  internal  surface,  the  friction  loss,  and  the  heat  loss  of 
the  test  gas,  etc. 


I 


Fig.  3  Radial  pressure  dis- 

Fig.  2  Reservoir  parameter  tribution,  at  M=B 


Reservoir  temperature  is  measured  by  the  Institute-developed 
chromel-silimel  (NiCr-NiSi)  thermocouple,  which  is  mounted  in  the 
tunnel  supply  reservoir.  Making  a  compromise  between  strength 
ana  response  time  we  have  chosen  the  thermocouple  diameter  equal 
to  0.1mm.  In  order  to  protect  the  thermocouple  wire  from  the  im¬ 
pact  damage  of  the  compressed  dense  gas  flow,  an  insulating  shi¬ 
elded  sleeve  made  of  glass- fiber-reinforced  plastic  was  fitted  on 
the  thermocouple.  When  the  reservoir  temperatures  were  measured, 
a  nozzle  throat  plug  was  used.  The  thermocouple  temperature  rea¬ 
ches  its  equilibrium  value  in  about  10ms.  Since  the  tunnel  useful 
running  time  is  about  25ms,  we  have  sufficient  time  which  allows 
to  measure  the  equilibrium  temperature  in  this  facility.  After 
data  reduction,  the  variations  of  the  reservoir  temperature  with 
the  ratio  of  the  driver  and  driven  pressure  ,  p4/p,  ,were  obtained. 
Fig.  2  shows  that  the  measured  reservoir  temperatures  appear  to 
be  10^15#  lower  than  the  predicted  values  of  equilibrium  piston 
theory.  Similar  to  the  case  of  reservoir  pressure,  these  discre¬ 
pancies  are  due  to  the  clearance  leakage  between  the  piston  and 
the  barrel  and  the  friction  loss.  Besides  these,  they  are  also 
due  to  the  heat  loss  of  the  high  temperature  reservoir  gas  to  the 
ambient,  the  heat  radiation  and  neat  conduction  loss  of  the  ther- 
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mocouple  itself.  Nevertheless,  the  trends  either  of  the  measured 
reservoir  pressure  or  of  the  measured  reservoir  temperature  va¬ 
riations  are  in  accord  with  the  predicted  curves  of  the  equili¬ 
brium  piston  theory. 

Pitot  pressures  in  the  test  section  were  measured  by  the 
Institute-developed  type  AKC2-23  and  AKC2-40  piezoelectric  pres¬ 
sure  transducers,  and  type  FT  foil  strain  fluctuation  pressure 
transducers.  The  Pitot  rake  was  equipped  with  five  transducers, 
with  the  distance  110mm.  Along  the  axial  direction  of  the  test 
section,  surveys  were  made  for  three  stations,  whose  axial  dis¬ 
tances  from  the  nozzle  exit  were  0,  200,  and  300mm,  respectively. 
At  each  station,  both  horizontal  and  vertical  Pitot  pressure  dis¬ 
tributions  were  measured.  Typical  radial  Pitot  pressure  and 
axial  Mach  number  distributions  are  shown  in  Fig.  3  and  Fig.  4* 
The  axial  Mach  number  relative  gradients  AM/M  is  about  1 2%  per 
meter  due  to  conical  character  of  the  flow. 

The  Mach  number  distri¬ 
butions  are  calculated  from 
the  measured  Pitot  pressures 
and  the  reservoir  pressure. 

After  appropriate  correc¬ 
tions  for  real-gas  effects, 
the  local  Mach  number  at  the 
measured  point  can  be  calcu¬ 
lated  from  the  Rayleigh  Pi¬ 
tot  formula. 


The  current  operating 
parameters  of  this  tunnel 
are  listed  in  the  Table  1. 


Fig.  4  Axial  Mach  numbers 
distribution 


Table  1.  Operating  parameters  of  the  BIA  gun  tunnel 


Nominal  Mach  number 

8 

12 

15 

Nozzle  throat  diameter,  mm 

-  , - 

35 

15 

7.85 

Driver  pressure,  P,,  kg/cm 

160 

350 

160 

160 

Driven  pressure,  P,,  kg/cm 

1.3 

5 

1.3 

1.3 

Piston  weight,  w  ,  kg 

0.165 

0.50 

0.165 

0.165 

Reservoir  pressure,  P^,  kg/cm^ 
predicted 
measured 

1  16 
-—85 

28o 

—230 

116 

—85 

116 

~68 

Reservoir  temperature,  Tfc, °K 
predicted 
measured 

1350 

~1 150 

1120 

—  1000 

1350 

—1150 

1350 
—  1 150 

Test  section  mean  Mach  number 

8.53 

6.52 

11.7 

15.5 

Reynolds  number,  Re  x  10°,  1/m 

7.7 

26.3 

30 

1.9 

Running  time,  ms 

15 

15 

25 

25 
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FREE  FLIG.iT  MEASUREMENTS 

A  constant  attitude  free-flight  measurement  technique  has 
been  used,  in  which  tne  model  centroid  is  made  to  coincide  with 
the  center  of  pressure  with  a  balancing  weight,  so  that  the  model 
will  move  at  constant  incidence  without  rotation.  Test  model, 
constructed  of  hard  foamed  plastics,  is  initially  suspended  by 
thin  nylon  threads  at  an  angle  of  attack  in  test  section.  When 
the  flow  starts,  the  threads  burn  away,  and  the  motion  of  free- 
flight  model  can  be  photographed  with  multiple-spark  recording. 
About  eight  distinguishable  partially  overlapping  images  can  be 
obtained  on  the  photographic  plate.  After  data  reduction,  the 
model  accelerations  ax  ana  ay,  along  horizontal  and  vertical  di¬ 
rection  x  and  y  respectively,  can  be  obtained.  Then,  the  aerody¬ 
namic  coefficients  of  the  model  can  be  calculated  from  the  given 
model  and  flow  parameters.  The  formulas  for  calculating  aerody¬ 
namic  coefficients  are  as  follows: 

Drag  coefficient,  CD=^ 


Lift  coefficient,  CL  =  ^  = 


where  CD  ,  as,  Wg,  and  Ss  are  the  drag  coefficient,  acceleration, 

weight,  and  the  maximum  cross-sectional  area  of  the  calibration 
sphere  respectively  under  the  same  test  conditions  as  that  of  the 
model.  For  a  continuum  flow,  the  drag  coefficient  of  the 

sphere  was  assumed  to  be  0.915*  ax,  ay,  Wm,  and  Sr  are  the  x-ui- 

rectional  acceleration,  y-directional  acceleration,  weight,  and 
the  reference  area  of  the  model,  respectively.  The  axial-force 
and  normal- force  coefficients  can  be  calculated  from  the  equa¬ 
tions: 

C^  =  Cj.*  cose<—  C^-  sin  d  ;  CN  =cl-  cos  <*  +  CD  sino<  . 

The  center  of  pressure  is  taken  to  be  at  the  centroid. 

Using  the  free-flight  measurement  technique  discribed  above, 
the  tests  of  standard  model  HB-2  were  conducted.  The  model  weight 
was  approximately  10  grams,  with  centerbody  diameter  55mm  and  to¬ 
tal  length  171.5mm.  The  free-stream  Mach  number,  M«,  for  the 
tests  was  8.5  and  the  Reynolds  number,  based  on  centerbody  dia¬ 
meter,  was  0.27  x  10* .  A  set  of  overlapping  images  on  one  photo¬ 
graphic  plate  of  the  free- flying  HB-2  model  are  shown  in  Fig.  9- 
The  values  of  C^,  C^,  and  xcp/L  obtained  are  compared  in  Fig.  5, 

with  force  balance  and  free-flight  force  data  obtained  elsewhere. 
It  is  observed  that  the  normal- force  coefficients  obtained  here 
agree  with  the  synthetic  curve  of  AEDCt®)  and  other  test  data,  the 
values  of  pressure  center  coefficients  are  somewhat  lower  than 
those  from  the  synthetic  curve  and  the  ARL  test  dataW.  Part  of 
the  reasons  for  these  discrepancies  are  the  effects  of  the  coni¬ 
cal  flow  field.  The  values  of  the  axial- force  coefficients  are 
slightly  greater  than  the  data  from  DVL(6)  ,  AEDC C?) ,  and  NPL<3). 
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Fig.  5  Force  characteristics  Fig. 6  Force  characteristics 
for  Model  HB-2  for  a  10* semiapex  cone 

FORCE  BALANCE  MEASUREMENTS 


Used  in  the  gun  tunnel  of  BIA  is  the  balance  TP-B,  which  is 
an  Institute-developed,  inertia  uncompensated,  three  component  se¬ 
miconductor  strain-gage  balance.  The  load  capacities  of  tne  ba¬ 
lance  are:  front  normal-force,  2kg;  rear  normal-force,  2kg;  axial- 
force,  0.5kg. 

In  an  impulse  tunnel  like  this  one,  it  is  usually  required 
that  the  natural  frequency  of  the  balance  support  system  should 
be  an  order  of  magnitude  higher  than  the  low  characteristic  fre¬ 
quency  of  the  test  flow,  so  that  the  high  frequency  oscillation 
signals  may  be  filtered  out  with  low-pass  filters.  But  to  meet 
this  requirement  is  difficult.  After  making  some  efforts,  the 
lateral  and  axial  natural  frequencies  of  the  balance  TP-B  support 
system  reach  150  and  670H  respectively.  The  test  cut-off  fre- 

quency  of  the  low-pass  filter  was  selected  as  160  — 300H  .  If  the 
cut-off  frequency  is  selected  too  low,  it  is  likely  to  filter  the 
aerodynamic  signal  off  and  make  the  results  distorted.  To  reduce 
the  impulse  effect  of  the  barrel  recoil  force  on  the  test  section, 
we  have  designed  a  flexible  connection  between  the  nozzle  &  test 
section.  The  barrel  is  also  fitted  with  a  damping  thrust-buffer 
to  absorb  the  recoil. 


To  decrease  the  inertia  force  withstood  by  the  balance  ele¬ 
ments,  it  is  necessary  to  decrease  the  model  weight  as  much  as 
possible.  In  one  force  balance  measurements,  an  aluminium  thined 
shell  model  was  made.  It  was  a  10  degree  semiapex  angle  cone 
with  70mm  base  diameter  and  about  45  grams  weight.  Typical  force 
balance  measured  traces  are  shown  in  Fig.  10,  which  indicates 
that  the  oscillation  of  about  150  H„  exists  in  the  normal  force 

c* 

waveform,  that  is  caused  by  the  lateral  frequency  of  the  balance 
support  systems.  In  Fig.  6,  the  measured  longitudinal  aerodyna¬ 
mic  coefficients  of  the  cone  model  are  compared  with  the  Newto¬ 
nian  theory C9)  and  NASA  test  data.  The  test  Mach  number  was  12.08 
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and  Reynolds  number, base  ;  on  diameter,  .as  2.45  x  105  .  In  Fig. 
6,  it  can  be  seen  that  the  measured  data  give  fair  agreement  with 
data  of  NASA(,0',,*  ,  and  Newtonian  theory.  The  measured  values  of 
axial  force  coefficient  are  somewhat  higher  than  that  predicted 
by  Newtonian  theory,  this  disagreement  may  be  a  result  of  skin- 
friction  effects. 


heat  transfer  measurements 


The  heat  transfer  rates  on  test  models  are  measured  using 
the  Institute-developed  type  PM-1  thin-film  platinum  resistance 
thermometers,  which  has  a  diameter  of  3»5mm,  and  a  thin-film 
thickness  of  about  0.1  micron.  In  order  to  improve  accuracy  and 
sensitivity,  a  Japan-made  type  DPM-6G  dynamic  strain  amplifier 
was  used  in  addition  to  the  thin-film  thermometers  in  the  heat 
transfer  measuring  system.  This  is  suitable  to  the  low  heat 
transfer  rate  measurements  of  model  surface.  To  simplify  the  da¬ 
ta  reduction  of  heat  transfer  rates,  a  T-shaped  thermo-electric 
analog  network  was  developed  according  to  a  scheme  proposed  by 
Meyer 02) .  Thus  considering  the  characteristics  of  the  dynamic 
strain  gage  and  the  analog  network  used,  we  arrive  at  the  follow¬ 
ing  expression  of  the  heat  transfer  rate: 


q  — 


2B  x  10~*-  RtTkpc 
Ro  (R*-C*)lfe 


where  R  is  the  precision  non-inductive  resistance  of  the  dynamic 
strain-gage  bridge  box;  k, p  ,  c,  are  respectively  the  coeffi¬ 
cients  of  thermal  conductivity,  density,  and  specific  heat  of  the 
thin  film  resistance  thermometer  backing  material ;  ck  is  the  resis¬ 
tance  thermal  coefficient  of  the  thin-film;  R* ,  C*  are  respecti¬ 
vely  the  electrical  resistance  and  the  capacitance  of  the  analog 
network;  B  is  the  amplification  factor  of  dynamic  strain-gage; 
and  (  V. ( t)-Vi  ( t)  )  is  voltage  difference  on  the  output  resistance 
of  analog  network. 


VS 


Fig.  7  Heat-transfer  on  a  hemisphere-cylinder 
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A  hemisphere-cylinder  model  was  made  for  heat  transfer  mea¬ 
surement.  The  nose  radius  of  the  model  was  50mm.  The  test  Mach 
number  was  8.5  and  Reynolds  number  was  0.77  x  10*  (based  on  cy¬ 
linder  diameter).  The  measured  value  of  the  stagnation  point 
heat  transfer  can  be  compared  reasonably  well  with  the  Fay  and 
Riddell's  one05>.  The  measured  value  is  9.2  cal/cm-sec,  and  the 
theoretical  calculated  value  is  9.0  cal/cma- sec .  The  laminar 
heat  transfer  distribution  of  the  blunt  cone  surface  at  zero  an¬ 
gle  of  attack  is  calculated  by  equations  of  Lees^.  The  heat- 
transfer  distribution  for  the  hemisphere-cylinder  is  plotted  in 
Rig.  7.  It  can  be  seen  that  the  present  measured  data  agree  clo¬ 
sely  with  the  NASA  Ames  shock  tunnel  test  data05)and  the  theore¬ 
tical  curves  from  the  Lees  equation. 

CONCLUSIONS 


At  present,  the  Mach  number  range  of  BIA  hypersonic  gun- tun¬ 
nel  is  from  8  to  » 5»  the  Reynolds  number  range  is  from  1.9  x  10* 
to  2.6  x  10^  per  meter,  the  exit  diameter  of  nozzle  is  0.6  meter, 
and  the  useful  running  time  is  about  25  milliseconds. 

From  the  results  of  flow  calibration,  free-flight  measure¬ 
ments,  force  balance  measurements,  and  heat- transfer  measurements, 
it  can  be  concluded  that  the  experimental  data  from  this  tunnel 
agree  fairly  well  with  the  theoretical  predictions  and  some  other 
corresponding  experiments.  It  was  demonstrated  that  good  data 
could  be  obtained  in  the  BIA  gun  tunnel. 
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AN  APPLICATION  OF  THE  MOLECULAR  BEAM  TIME-OF-FLIGHT  TECHNIQUE 
TO  MEASUREMENTS  OF  THERMAL  BOUNDARY  LAYER  EFFECTS 
ON  MASS  SAMPLING  FROM  A  SHOCK  TUBE 


K.  Teshima,  N.  Takahashi  and  M.  Deguchi 

Department  of  Aeronautical  Engineering, 
Kyoto  University,  Kyoto,  Japan 


The  conventional  time-of-f light  (TOF)  method  was  used  in 
shock  heated  molecular  beams.  Velocity  analyses  of  TOF 
signals  show  that  the  translational  temperature  is  suffici¬ 
ently  low  so  that  one  can  assume  all  the  stagnation  enthalpy 
has  been  converted  into  the  mean  mass  velocity  of  the  beam 
molecules,  therefore  an  effective  stagnation  temperature  of 
the  extracted  molecules  can  be  calculated  using  the  measured 
mean  mass  velocity.  For  a  large  extraction  orifice  (3.2  mm 
in  dia.),  it  agrees  very  well  with  the  Rankine-Hugoniot 
value  in  a  temperature  range  up  to  10,800°K,  in  case  of 
argon.  This  technique  was  applied  to  measurements  of  the 
effective  stagnation  temperature  of  sampled  gas  from  a 
small  orifice  (50  -  200  V®  in  dia.),  which  is  usually  used 
in  the  shock  tube  mass  sampling  and  where  the  gas  temperature 
may  be  affected  during  the  sampling  period  by  a  rapid 
development  of  a  thermal  boundary  layer  (Tbl)  at  the  end 
wall  of  the  shock  tube.  An  evaluation  of  the  effective 
stagnation  temperature  of  the  sampled  gas  affected  by  the 
Tbl  growth  was  made  by  a  simple  superposition  of  an  assumed 
one-dimensional  Tbl  growth  and  a  sampling  hemisphere. 
Comparisons  with  the  experiments  show  that  for  appropriate 
experimental  conditions  this  simple  estimation  can  predict 
the  effective  stagnation  temperature  and  its  change  during 
the  whole  sampling  period  very  well. 


INTRODUCTION 


A  shock  heated  molecular  beam  (SHMB)  is  useful  for  study  of  the  molecular 
reaction  dynamics  especially  those  including  internally  excited  molecules.  A 
time-of-f light  (TOF)  method  to  analyze  the  velocity  distribution  of  the  beam 
molecules  can  be  used  to  determine  their  internal  states  by  using  the  energy 
conservation  and  has  been  used  for  the  conventional  molecular  beams._,For  a 
transient  beam  like  SHMB,  other  optical  methods,  e.g.  measurements  or^fluores- 
cences  induced  by  an  electron  beam  or  a  laser  may  not  be  adequate  because  they 
need  many  runs  to  obtain  meaningful  data.  The  use  of  TOF  method  in  SHMB  can 
give  an  information  about  internal  energy  relaxation  process  of  high  tempera¬ 
ture  gases  and  can  be  used  to  determine  their  final  energy  contents  in  the  beam 
molecules  as  well  as  the  kinetic  energy  and  its  distribution  of  the  beam. 
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We  have  used  the  TOF  method  in  SHMB  of  argon  for  a  wide  range  of  the 
source  temperature  from  1,400  to  10,800°K.  For  a  monatomic  gas,  the  mean  mass 
velocity  and  its  distribution  as  a  parallel  translational  temperature  determined 
by  the  measured  TOF  signal,  can  give  the  stagnation  temperature  using  the  energy 
conservation  law.  Experimental  results  show  that  the  measured  stagnation  tem¬ 
perature  agrees  very  well  with  the  Rankine-Hugoniot  value,  and  that  the  trans¬ 
lational  temperature  of  the  beam  molecules  is  sufficiently  low  to  assume  that 
all  the  stagnation  enthalpy  has  been  converted  into  the  directional  mass 
motion  within  3%  error  in  temperature. 

The  SHMB  is  also  useful  for  a  shock  tube  mass  sampling,  which  has  been 
widely  used  for  the  study  of  high  temperature  reaction  kinetics.  In  this 

technique  high  temperature  species  in  the  reflected  region  are  extracted  into 
a  high  vacuum  detection  chamber  through  a  small  orifice  (20  -  200  pm  in  dia.), 
so  that  the  detected  species  may  have  been  subjected  to  cooling  due  to  a  rapid 
development  of  a  thermal  boundary  layer  (Tbl)  at  the  end  wall  of  the  shock  tube. 
A  theoretical  evaluation  of  this  effect  is  not  easy,  because  it  includes  a  Tbl 
growth  coupled  with  an  orifice  flow  and  the  flow  is  not  one-dimensional  near 
the  orifice.  Voldner  and  Trass  '  have  evaluated  this  effect  by  numerical  works 
for  an  orifice  flow  and  by  coupling  of  it  with  the  solution  of  the  Tbl.  The 
application  of  the  TOF  technique  to  such  beams  extracted  from  small  orifices 
can  give  an  effective  stagnation  temperature  of  the  sampled  gas'  as  a  result  of 
a  bulk  effect  of  the  Tbl.  Experimental  results  were  compared  with  calculations 
by  a  simple  superposition  of  an  assumed  one-dimensional  Tbl  growth  and  a  uniform 
sampling  hemisphere  surface.  Comparisons  of  these  results  will  be  presented 
and  discussed. 


TOF  TECHNIQUE 

A  schematic  diagram  of  the  apparatus,  details  of  which  were  reported  pre¬ 
viously,  and  the  TOF  measurement  system  is  shown  in  Fig.l.  Chopped  molecules 
through  a  slit  on  a  rotating  disk  in  47  -  70  psec  were  detected  by  a  quadrupole 
mass  spectrometer  and  a  secondary  electron  multiplier  detector  after  104  cm 
flight.  A  photocell  signal  was  used  to  determine  the  time  zero.  Argon  beams 
from  the  reflected  region  in  a  wide  temperature  range  from  1,400  -  10,800<>K 
and  a  pressure  range  from  1.3  to  6.8  atm  were  examined.  Typical  TOF  signals 


Fig.l  Schematic  diagram  of  SHMB  apparatus  and  TOF  measurement  system. 
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are  shown  in  Fig. 2  as  the  lower  trace.  The  upper  trace  is  the  photocell  signals 
and  the  correspondency  between  them  are  indicated  by  numbers.  Each  TOF  signal 
was  fitted  to  an  ellipsoidal  Maxwellian  in  order  to  determine  a  translational 
parallel  temperature  T//,  characterizing  the  velocity  distribution,  and  was  used 
to  determine  the  mean  mass  velocity.  Although  the  beam  intensity  changed  for 
the  duration  time,  the  temperature  and  the  mean  velocity  were  almost  constant 
for  all  TOF  signals  in  a  single  shot. 


Fig.  2 

Typical  TOF  signals  (lower 
trace)  and  photocell 
signals  (upper  trace) . 

200  ysec/div. 


Fig. 3  shows  the  temperature  and  the  speed  ratio  of  the  beam  against  a 
scaling  parameter  which  is  a  measure  of  the  elastic  collision  effect  in  the 
expansion  process.  A  theoretical  prediction  '  of  the  speed  ratio  for  the 
room  temperature  monatomic  gases  is  also  shown  as  a  solid  line.  Discussions 
about  the  speed  ratios  of  SHMB  will  be  given  elsewhere.  In  Fig. 4  the  effective 
stagnation  temperature  calculated  with  the  measured  mean  mass  velocity  and  the 


Fig.  3 

Parallel  translational 
temperature  T//,  and  speed 
ratio  S//  of  SHMB  against  a 
scaling  parameter  A,  where 
PQ  is  the  stagnation  pres¬ 
sure,  d  the  nozzle  orifice 
diameter,  e  and  R  are  the 
potential  depth  and  its 
location  of  Lennard-Jones 
(12-6)  potential,  respect¬ 
ively  and  Tr  is  the  stag¬ 
nation  tempt.,  ture. 
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translational  temperature  using  the  energy  conservation,  is  plotted  against 
the  Rankine-Hugoniot  values  calculated  with  the  measured  shock  velocities.  It 
can  be  seen  that  the  measured  temperature  agrees  very  well  with  the  ideal 
frozen  temperature  up  to  a  high  temperature,  where  the  ionization  occurs  sig¬ 
nificantly.  This  is  reasonable  considering  that  the  ionization  relaxation  time 
in  our  experimental  conditions  is  longer  than  the  beam  duration.  Experimental 
results  also  show  that  the  stagnation  temperature  can  be  determined  only  by  the 
mean  mass  velocity  within  a  few  per  cent  error.  Therefore  this  technique  is 
applicable  to  a  beam  extracted  through  a  small  orifice  which  is  usually  used  in 
a  shock  tube  mass  sampling  system,  in  order  to  examine  the  effective  stagnation 
temperature  of  the  sampled  gas. 


Fig.  A 

Measured  stagnation  tem¬ 


perature  T 


Oexperiments 
a  large  nozzle  diameter 
(3.2  mm)  vs  the  Rankine- 
Hugoniot  value  $theory. 


with 


SHOCK  TUBE  MASS  SAMPLING  SYSTEM 

As  shown  in  Fig. 5,  a  small  orifice  of  50  -  200  ym  in  its  diameter  and  of 
100  ym  in  its  thickness  was  attached  to  the  end  wall  of  a  shock  tube  to  make  the 
surface  flush.  The  expanded  flow  from  the  orifice  is  led  to  a  three  stage 
molecular  beam  apparatus  to  make  a  molecular  beam.  The  first  stage,  nozzle 
discharge  chamber,  was  evacuated  by  a  70^  1/sec  mechanical  booster  pump  and 
was  kept  at  a  pressure  less  than  5  x  10  Torr  when  the  test  gas  of  10  -  100 
Torr  of  argon  was  filled  in  the  low  pressure  section  of  the  shock  tube.  The 
second  and  third  stages,  downstream  of  a  skimmer  and  a  collimator,  respectively, 
were  evgcuated  by  600  1/sec  oil  diffusion  pumps  and  kept  at  pressures  ^ess  than 
1  x  10  Torr.  The  detector  chamber  was  kept  a  pressure  about  3  x.  10  Torr. 

The  skimmer  was  located  at  a  distance  of  20  to  100  times  of  orifice  diameter 
from  the  orifice  so  as  to  obtain  a  terminal  velocity  of  the  expanded  flow  and 
also  to  keep  away  from  disturbances  due  to  the  Mach  disk  of  the  expanded  jet. 

The  molecular  beam  was  chopped  into  a  sequence  of  short  segments  by  narrow 
slits  on  a  rotating  disk,  which  was  made  of  0.1  mm  thick  and  10  cm  diameter 
stainless  steel  plate.  It  had  90  equally  spaced,  0.8s  width  and  10  am  length 
slits  on  its  periphery  and  was  rotated  at  3000  r.p.m.,  so  that  it  can  chop  the 
beam  every  200  ysec  into  a  A  5  ysec  FWHM  segment.  The  disk  was  manufactured  by 
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a  photo-etching  technique  and  the  differences  in  the  size  of  the  slits  were 
less  than  3  %.  The  molecules  in  each  segment  were  detected  by  the  above  men¬ 
tioned  detector  located  at  70.2  cm  from  the  disk.  Measurements  were  made  at 
stagnation  temperature  ranged  from  800  to  A000°K  and  at  pressures  from  800  to 
1370  Torr.  The  stagnation  pressure  was  measured  at  the  end  wall. 


EXPERIMENTAL  RESULTS 

Typical  oscillogram  traces  are 
shown  in  Fig. 6.  The  T0F  signals  are 
in  the  middle  trace,  for  which  time 
zeros  are  shown  in  the  upper  trace  as 
the  photocell  signals.  It  can  be  seen 
that  a  good  agreement  between  the  en¬ 
velope  of  the  T0F  signals  and  the 
stagnation  pressure  history  (lower 
trace) .  In  order  to  see  the  corres¬ 
pondencies  between  the  photocell  and 
TOF  signals,  each  fifth  slit  was  masked 
so  as  to  pass  only  a  part  of  light 
through  the  slit,  th«  ref ore  the  TOF 
signal  did  not  appear  for  these  slits. 
The  correspondence  between  them  is  in¬ 
dicated  in  the  figure  by  circles.  From 
the  time  difference  of  these  signals 
and  the  flight  path,  the  mean  mass 
velocity  at  each  time  was  obtained. 
Measurements  were  made  several  times 
for  one  condition  to  obtain  time  depen¬ 
dence  of  the  temperature.  The  ratio  of 
the  measured  effective  stagnation  tem¬ 
perature  T  to  theoretical  one  T^  are 
plotted  against  the  sampling  time,  of 
which  origin  is  taken  as  the  shock 


Fig. 5 

Shock  tube  mass  sampling 
apparatus. 
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Fig. 6  Typical  TOF  signals  (middle)  as 
well  as  photocell  signals  (upper)  and 
stagnation  pressure  (lower) .T_-1070°K 
d-100  um.  500usec/div. 
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arrival  time  at  the  end  wall,  in  Fig. 7.  It  shows  that  for  a  lower  temperature 
with  a  larger  orifice,  the  effective  stagnation  temperature  agrees  well  with 
the  stagnation  value  for  the  whole  sampling  period  and  for  a  higher  temperature 
with  a  smaller  orifice,  the  ratio  becomes  much  smaller  than  unity  and  varies 
with  the  sampling  time.  In  Fig. 8  the  effective  stagnation  temperature  at  0.5 
msec  in  the  sampling  time  is  plotted  against  the  stagnation  temperature  for 
various  experimental  conditions.  It  can  be  seen  that  for  a  higher  temperature 
with  a  smaller  orifice  the  effective  stagnation  temperature  of  the  sampled  gas 
deviates  severely  from  the  true  stagnation  value. 
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Fig.  7 

Ratio  of  the  measured  effective 
stagnation  temperature  T  to 
the  Rankine-Hugoniot  value  T,. 
against  the  sampling  time. 


Fig.  8 

The  effective  stagnation 
temperature  T  at  5  msec  of 
sampling  time  vs  the  Rankine- 
Hugoniot  value. 
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COMPARISON  WITH  A  SIMPLE  MODEL  AND  DISCUSSIONS 

An  exact  treatment  of  the  Tbl  effect  on  the  sampled  gas  includes  an 
orifice  flow  in  a  Tbl  and  the  numerical  method  may  be  realistic  only  for  a 
very  short  time  after  the  shock  reflection.  If  we  include  the  relaxation  and 
chemical  reaction  process  of  the  species  during  the  sampling  process  it  may- 
become  further  difficult  in  the  present  numerical  technique  and  the  computer 
machine.  Here  a  very  simple  estimation  of  the  effective  stagnation  temperature 
of  the  sampled  gas  is  made,  assuming  one-dimensional  Tbl  growth  at  the  end  wall 
and  a  uniform  sampling  from  a  sampling  hemisphere,  separately.  The  tempera¬ 
ture  profiles  in  the  growing  Tbl  can  be  calculated  using  the  analysis  by 
Goldworthy  '  for  a  perfect  gas  with  an  arbitrary  temperature  dependence 
thermal  conductivity  k.  We  used  an  empirical  relation  of  k  *  k  (T/T  )  '  , 

where  the  suffix  w  denotes  the  value  at  the  wall  temperature.  The  radius  of 
the  sampling  hemisphere  can  be  calculated  by  the  flow  rate  at  the  orifice  with 
the  stagnation  condition  at  each  sampling  time.  As  an  effective  stagnation 
temperature  of  the  sampled  gas,  we  take  an  average  surface  temperature  on  this 
hemisphere  immersed  in  the  Tbl  whose  temperature  profile  is  known,  assuming  a 
uniform  sampling  from  the  surface. 

The  calculated  temperature  are  compared  with  the  measured  values  for 
several  experimental  conditions  in  Fig. 9  by  solid  and  broken  lines.  For  a 
larger  diameter  orifice  at  a  lower  stagnation  temperature,  the  present  model 
can  predict  the  Tbl  effect  quite  satisfactly  for  the  whole  sampling  time. 

But  for  a  smaller  orifice  at  a  higher  temperature  it  fails,  although  the 
coupling  of  the  Tbl  growth  with  the  orifice  flow  is  weak.  This  seems  to  be 
resulted  from  the  assumption  of  a  uniform  sampling  from  the  hemispere  surface. 
For  a  smaller  orifice,  cooler  gases  near  the  wall  flow  into  the  orifice  at 
larger  angle  than  for  a  larger  orifice,  then  the  assumption  of  the  uniform 
sampling  become  invalid  and  underestimate  the  cooling  effect.  Therefore  the 
streamline  inclination  to  the  wall  should  be  taken  into  account  for  such  cases, 
as  Voldner  and  Trass  have  made. 
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Fig. 9  Comparisons  of  the  calculated  temperatures  with  the  measured  values. 
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Instrumentation  for  application  of  the  Mach 
angle  technique  to  measure  dynamic  pressure  of  the 
stream  flow  in  a  shock  tube  is  described.  To 
develop  Mach  lines  suitable  for  observation,  a 
small  conical  probe  was  mounted  on  axis  at  the 
test  station.  An  image  converter  camera,  r-ptics 
and  a  standard  electronic  flash  lamp  completed  the 
instrumentation.  In  operation,  a  Mach  cone  was 
generated  around  the  probe  following  passage  of 
the  incident  shock  wave.  Conical  flow  theory 
relates  the  Mach  angle  to  the  flow  Mach  number  and 
dynamic  pressure.  Photographs  of  the  Mach  cone 
were  obtained  for  framing  and  streak  mode  of 
recording.  It  was  found  that  a  streak  record 
offered  the  best  detail  of  the  flow. . 

The  instrumentation  for  determining  dynamic 
pressure  characteristics  was  developed  for  an  arc- 
driven  shock  tube  operating  at  Mach  7.  The  test 
stream  flow  was  to  serve  as  a  reference  pressure 
base  for  the  calibration  of  supersonic  total  head 
probes. 


INTRODUCTION 

When  a  shock  tube  is  used  for  a  particular  study,  certain 
properties  of  the  flow  are  of  primary  importance.  For  example, 
when  calibrating  supersonic  total  head  probes,  the  duration  and 
uniformity  of  the  test  gas  must  be  known  for  proper  interpretation 
of  the  test  results.  Calibration  or  scale  factors  for  the 
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pressure  probes  under  test  are  determined  by  comparison  of  probe- 
measured  pressures  with  pressures  calculated  from  normal  shock 
relations  based  on  actual  shock  speed.  It  is  well  known  that  the 
shock  velocity  together  with  the  initial  pressure  ahead  of  the 
shock  wave  is  sufficient  to  define  the  equilibrium  thermo¬ 
dynamic  properties  of  the  shock  heated  gas.  The  theoretical 
normal  shock  calculations  assume  a  constant  level  of  pressure 
with  time  behind  the  shock  (test  gas  region) .  In  practice, 
however,  the  flow  velocity  may  attenuate  during  the  test  period 
and  induce  changes  in  the  dynamic  pressure  and,  therefore,  pitot 
pressure. 

In  order  that  probe  calibration  studies  may  be  conducted  in 
well  understood  and  characterized  flow  environments,  an  experi¬ 
mental  technique  was  developed  to  measure  the  time  history  of  the 
dynamic  pressure.  The  equipment  described  in  this  paper  was  used 
to  evaluate  a  high  pressure  test  stream  of  air  at  Mach  7  (P^  = 

1  atm)  for  test  time,  but  more  importantly,  to  measure  the 
uniformity  of  dynamic  pressure  for  the  period  between  the  incident 
shock  and  the  contact  surface. 

MACH  ANGLE  TECHNIQUE 

A  small  conical  probe  aligned  with  the  flow  in  a  shock  tube 
makes  a  convenient  test  fixture.  Following  the  passage  of  the 
incident  shock  wave,  a  stationary  conical  shock  wave  is  generated 
in  the  stream  flow  around  the  probe.  Measurement  of  the  angle  of 
the  conical  shock  wave  together  with  the  known  probe  shape  will 
yield  the  Mach  number  of  the  stream  flow.  For  example.  Chart  5 
in  Ref.  1  shows  the  dependence  of  shock  wave  angle  on  cone  semi- 
vertex  angle  for  various  stream  Mach  numbers.  Simplification  of 
the  graphical  calculations  of  Ref.  1  is  possible  if  the  cone  angle 
is  small  and  the  stream  Mach  number  is  low,  less  than  approxi¬ 
mately  3.  Within  these  limitations,  the  stream  Mach  number,  M, 
and  the  shock  wave  or  Mach  angle,  0,  are  related  simply  as 

jj  -  sin  0  (1) 


Thus  for  small  cones  (semi vertex  angles  less  than  about  6°) 
variations  in  stream  speed  are  directly  related  to  changes  in  the 
observed  Mach  angle. 

The  dynamic  pressure,  q,  is  defined  as 

q  =  JPgM2  (2) 

where  P  is  the  static  or  side-wall  pressure  and  y  is  the 
specific  heat  ratio  for  air.  From  the  measured  values  of  the 
Mach  angle  and  side-wall  pressure,  the  dynamic  pressure  can  be 
calculated.  For  the  nominal  incident  shock  Mach  number  of  7,  the 
flow  Mach  number  was  1.75.  The  dynamic  pressure  behind  the 
incident  shock  was  127.9  atm. 

TEST  TIME 

t 

Prior  to  the  tests  to  determine  the  dynamic  pressure  of  the 
stream  flow,  a  short  study  was  made  to  evaluate  the  test  time  in 
the  shock  tube  for  Mach  7.  The  instrumentation  consisted  of  an 
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Imacon  (Model  790)  image  converter  camera  with  its  fl.9  spectro¬ 
graph  attachment  as  indicated  in  Fig.  1.  Measurements  were  made 


Fig.  1.  Time  resolved  spectrograph. 


with  the  camera  operated  in  the  streak  mode  and  with  the  gas  in 
the  shock  tube  seeded  with  trace  amounts  of  pure  sodium  chloride. 
Streak  operation  of  the  camera  is  discussed  later  in  the  text. 
Photographic  records  (Fig.  2)  of  sodium  line  emission  behind 


H«/N«  laur  calibrator,  6328  A.  with  Mining  record  of 
20  Maec/dh. 


Sodium 
line, 
5960  A 


Shock  front 


Fig.  2.  Spectrograph  record. 


the  incident  shock  indicated  that  approximately  95-108  usee 
behind  the  shock  front,  the  radiation  extinguished  signaling  the 
arrival  of  the  interface  region  between  the  test  (air)  and  driver 
gas. 

On  the  basis  of  the  spectrograph  data  together  with  pitot 
pressure  measurements  (not  shown) ,  it  was  determined  that  the 
overall  stream  flow  was  of  160-180  usee  duration.  The  flow  during 
the  first  100  usee  was  shocked  air  followed  in  the  remaining  50- 
70  usee  by  helium  which  had  expanded  from  the  arc  chamber.  The 
results  dictated  that  a  200  usee  recording  period  would  cover  the 
flow  period  of  interest  in  the  shock  tube. 

INSTRUMENTATION  SYSTEM 

The  conical  probe  and  camera  system  arrangement  are  suitable 
for  operation  for  any  type  of  shock  tube  capable  of  operation  at 
shock  speeds  from  Mach  numbers  of  about  6  to  20  or  more  in  air. 

The  instrumentation  was  developed  for  use  with  the  10.16-cm 
diameter  shock  tube  of  the  arc-driven  shock  tube  facility  at 
NASA-Ames  Research  Center.  Details  of  the  energy  storage  and  arc 
driver  system  have  been  described  elsewhere2.  The  shock  tube  was 
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operated  at  Mach  number  7  with  an  initial  driven  tube  pressure  of 
1  atm  of  air. 

The  conical  probe  had  a  semivertex  angle  of  4°  with  a  base 
diameter  of  12.7mm.  The  general  arrangement  of  the  installation 
in  the  shock  tube  is  shown  in  Fig.  3.  The  test  section  was 


equipped  with  diametrically  opposed  ports.  The  windows  mounted 
in  the  ports  were  small,  25mm  in  diameter,  and  the  interior 
window  surfaces  were  not  contoured  to  the  bore  of  the  shock  tube. 
When  installed,  the  inner  surface  of  the  window  was  mounted  flush 
with  the  bore  (along  a  meridian  diameter)  and,  therefore,  the 
upper  and  lower  sections  of  the  windows  were  recessed  slightly 
below  the  adjacent  tube  wall  by  approximately  a  millimeter.  Any 
waves  or  disturbances  produced  by  the  recessed  regions  did  not 
appear  to  cause  distortions  or  interferences  in  the  photographic 
records.  Windows  were  fabricated  from  sheets  of  optical  grade 
Plexiglas.  A  20mm  thickness  was  satisfactory  for  Mach  7  operation. 
Windows  were  replaced  after  every  run  as  their  exposed  surfaces 
became  crazed  and  darkened  as  a  result  of  the  shock  heating. 

The  light  source  for  the  optics  system  (Fig.  4)  was  an 
ordinary  photographic  electronic  flash,  a  Sunpak  411.  This  flash 


Fig.  4.  Optical  system. 


was  selected  because  it  has  a  reasonably  constant  level  of  light 
output  for  approximately  250  ^isec.  The  lamp  was  masked  down  with 
an  aperture  of  approximately  5mm  square,  and  the  light  was  then 
collected  with  a  50mm  fl.4  lens.  This  lens  was  a  typical  SLR 
camera  lens  and  was  used  to  image  the  light  to  a  small  spot  size 
where  a  knife  edge  was  placed.  The  knife  edge  was  a  razor  blade. 
The  light  was  then  re-collected  with  another  50mm  fl.4  lens  and 
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collimated  to  pass  through  the  test  section.  This  system  illumi¬ 
nated  the  needle  probe  with  a  uniform  field  of  constant  intensity 
collimated  light.  A  third  lens  formed  an  image  of  the  needle  at 
the  cathode  of  the  image  converter  tube.  The  schlieren  system 
also  produced  images  of  shock  waves  in  the  field. 

The  optics  and  illumination  system  was  designed  to  take 
advantage  of  the  unique  characteristics  of  the  Imacon  camera.  The 
high  optical  sensitivity  of  the  camera  allowed  us  to  use  a  low 
powered  light  source  and  still  provided  adequate  light  for  easy 
adjustment  for  optimum  shock  sensitivity.  Since  the  camera 
provided  the  shuttering  function,  we  did  not  have  to  use  short 
pulse  light  sources. 

The  conical  shock  waves  illuminated  by  the  shock  sensitive 
image  system  were  recorded  with  the  camera  (Fig.  5)  operating 
in  a  shuttering  or  streak  mode.  The  complete  optical  image  is 


converted  into  an  electron  image  (by  the  photocathode)  which  is 
transmitted  to  a  phosphor  screen  where  it  is  again  converted  into 
an  optical  image.  The  latter  image  is  recorded  on  Polaroid  film. 
Photographic  records  were  obtained  with  preset  times  and  selected 
streak  or  framing  sequences. 

In  the  fast  shuttering  mode,  the  camera  recorded  8  framing 
images  generally  at  5  nsec  intervals,  each  with  a  1  nsec 
exposure  time.  The  equivalent  framing  rate  was  2  x  10$  f/s.  As 
the  period  of  the  test  gas  flow  was  about  200  nsec,  and  with  a 
camera  recording  sequence  of  35  nsec,  several  runs  were  made  to 
detail  the  entire  shock  tube  flow. 

With  the  streak  mode,  a  single  run  sufficed  to  obtain  a 
continuous  time  history  of  the  flow.  -For  streak  operation,  the 
image  is  optically  restricted  to  a  vertical  strip  by  a  slit 
aperture  in  the  primary  image  plane  within  the  camera.  Only  a 
thin  slice  of  the  image  is  observed  and  swept  across  the  screen 
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and  film  at  a  constant  rate.  The  200  nsec  period  of  interest  for 
observation  was  achieved  with  a  streak  rate  of  2.8  nsec/mm. 

The  lighting  and  imaging  system  was  built  from  common 
standard  components  and  did  not  require  critical  adjustments. 
Lenses  and  knife  edges  were  adjusted  for  optimum  resolution  and 
sensitivity  without  sacrificing  too  much  luminosity.  The  pro¬ 
vision  on  the  Imacon  camera  for  static  focusing  for  picture 
quality  simplified  adjustment  of  the  light  source  and  optics  on 
the  photocathode  of  the  image  converter  tube.  Both  the  camera 
and  light  source  were  operated  at  the  times  desired  by  means  of 
adjustable  time  delay  generators.  Start  signals  to  the  generators 
were  developed  from  shock  detectors  located  at  stations  along  the 
shock  tube  normally  used  in  facility  operation  to  determine  the 
shock  velocity. 

APPLICATION 

Typical  framing  records  of  the  Mach  wave  pattern  around  the 
probe  are  shown  in  Fig.  6.  The  time  that  each  frame  was  obtained 
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Fig.  6.  Framing  record. 


after  the  arrival  of  the  incident  shock  wave  at  the  tip  of  the 
probe  is  indicated  on  the  figure.  The  sequence  of  the  eight 
frame  recording  format  was  as  follows:  Frames  are  read  from 
bottom  to  top,  column  by  column,  from  left  to  right. 

Measurements  of  the  Mach  angle  obtained  from  framing  records 
are  shown  in  Fig.  7.  Several  different  methods  were  used  to 
measure  the  Mach  angles.  These  included  enlarging  the  film, 
digitizing  the  wave  profile  and  utilizing  various  arrangements  of 
protractors  and  triangles.  The  most  accurate  and  reproducible 
measurements  were  those  made  directly  from  the  original  photo¬ 
graphs  using  an  adjustable  compass  triangle  custom  scribed  with 
fine  reference  lines.  Measurements  were  made  of  the  total  Mach 
angle  as  well  as  the  half-angle.  Measurement  accuracy  was  less 
than  ±Jj°. 

An  example  of  the  streak  record  of  the  Mach  lines  is  shown 
in  Fig.  8.  In  this  record,  the  camera  was  triggered  to  start 
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Time  from  shock  wave  at  tip  of  probe,  M*ec 

Fig.  7.  Mach  angle  measurements. 


recording  20  usee  before  the  incident  shock  wave  crossed  the  plane 
of  view.  The  camera  was  positioned  such  that  the  viewing  slit 
(100  microns  wide)  was  positioned  13mm  downstream  from  the  tip  of 
the  probe.  The  streak  record  displays  the  two  lines  representing 
the  sections  of  the  Mach  cone  (upper  and  lower  edges)  intercepted 
by  the  viewing  slit.  A  change  in  the  spacing  between  the  lines 
is  indicative  of  a  change  in  the  Mach  angle  (and  dynamic 
pressure).  Measurement  resolution  was  of  the  order  og  0.2mg 
which  corresponded  to  an  angle  determination  within  k°  to  %°. 


Fig.  8.  Streak  record. 
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The  spacing  between  Mach  lines  measured  from  streak  records 
indicated  that  following  the  development  of  the  Mach  cone,  the 
Mach  line  spacing  (and  the  Mach  angle)  showed  no  perceptable 
change  during  the  remaining  period  of  the  test  gas  flow.  It 
should  be  mentioned  that  side  wall  pressure  measurements  were  also 
obtained  during  the  run  represented  in  Fig.  8.  It  will  suffice 
to  note  here  that  the  (side-wall)  measurements  agreed  with  ideal 
normal  shock  calculated  values  and  showed  no  significant 
variations  in  magnitude  during  the  test  period.  Based  on  the  test 
results,  calculations  indicated  that  the  dynamic  pressure  of  the 
test  gas  stream  also  was  constant. 

Mach  angles  derived  from  streak  records  were  in  good  agree¬ 
ment  with  those  obtained  from  framing  records  (see  Fig.  7) . 

During  the  analysis  of  the  photographic  data,  it  became  evident 
that  one  streak  record  was  sufficient  to  characterize  the  dynamic 
pressure  of  the  entire  flow  field.  In  addition  to  providing  a 
representative  visual  display  of  the  flow  on  a  single  record,  the 
effort  to  obtain  dynamic  pressure  information  via  streak  mode  of 
camera  operation  was  found  to  require  about  1/3  less  time 
(facility  runs)  than  for  the  framing  mode. 

CONCLUSIONS 

The  measurement  of  Mach  angle  around  a  small  cone  in  a  shock 
tube  is  a  useful  technique  for  monitoring  and  evaluation  of  the 
Mach  number  (and  dynamic  pressure  of  the  stream  flow) .  The 
streak  type  of  photograph  as  obtained  with  the  image  converter 
camera  is  adequate  for  data  recording.  Simple  optics  and  a 
standard  electronic  flash  lamp  complete  the  instrumentation. 
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To  measure  temperatures  behind  a  shock 
wave  the  coherent  anti-Stokes  Raman  spectroscopy 
(CARS)  was  applied.  The  optical  setup  consists 
of  a  frequency-doubled,  Q-switched  Nd-Yag  laser, 
a  narrow-band,  pulsed  dye  laser,  a  colinear 
optical  system  and  an  optical  multichannel 
analyser  for  recording  the  scattered  CARS  beam. 

The  double-diaphragm  shock  tube  is  operated 
with  helium  and  with  air  as  driver  gas  and 
air  as  test  gas_^The  shock  wave  triggers  the 
laser  pulses  by  %neans  of  heat  probes  and  delay 
electronics  at  a  veil  defined  and  reproducible 
moment.  To  measure  temperatures  the  wavelength 
of  the  dye  laser  is  chosen  in  such  a  way  that  the 
frequency  difference  between  the  two  laser  beams 
is  identical  with  a  rotational  frequency  of  the 
ground  vibrational  state  of  N2.  The  temperature 
is  derived  from  the  intensity  ratio  of  different 
rotational  lines.  The  experimental  results  are 
in  good  agreement  with  theoretical  data  within 
their  error  limits  of  approximately  +_  10%. 


INTRODUCTION 


The  measurement  of  temperatures  in  high  speed,  hot  gas  flows, 
expecially  in  the  flows  behind  the  shock  wave  in  a  shock  tube, 
is  a  difficult  problem.  The  measuring  times  are  only  in  the 
range  of  microseconds;  the  known  measuring  methods  are  often 
hindered  by  strong  influences  from  the  flow  or  the  intensities 
they  provide  are  too  small.  S.  Lederman1  made  an  extended 
review  about  laser  based  diagnostic  techniques  applicable  to 
fluid  dynamics  and  combustion  research  at  the  last  shock  tube 
symposium  in  Jerusalem.  He  also  discussed  the  possibilities 
of  the  coherent  anti-Stokes  Raman  spectroscopy  (CARS) 2.  Now  we 
have  used  CARS  for  the  first  time  as  a  diagnostic  method  in 
shock  tube  research3. 

PRINCIPLES  OF  CARS 


CARS  is  a  nonlinear  optical  scattering  method  of  laser 
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light  on  gas  molecules,  where  the  intensity  and  the  wave  number 
of  the  scattered  beam  depends  on  concentration  and  temperature 
of  the  specific  gas.  The  principal  experimental  setup  is  quite 
simple  (Fig. 1 ) . 


Fig.1:  Principal  setup  for  CARS  experiments 


Two  laser  beams,  the  first  with  a  fixed  wavenumber  uji  and  the 
second  with  a  tunable  wavenumber  “s,  are  focussed  simultaneously 
and  colinearly  on  the  test  medium.  After  passing  the  test  cell 
the  two  laser  beams  are  separated  by  filters  from  the  generated, 
laser-like  anti-Stokes  beam,  which  then  can  be  measured  by  a 
photomultiplier  for  example. 


The  CARS  process  can  be  calculated  in  a  semiclassical  model 
by  nonlinear  frequency  mixing  of  electromagnetic  waves  (light) 
within  a  polarizable  medium  (gas) .  The  theory  yields  for  the 
generated  CARS  intensity  Ias  the  following,  important  dependen¬ 
cies4  : 
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susceptibility  of  the  3rd  order 
laser  intensities 

concentration  of  the  specific  gas  molecules 

relative  population  number  of  a  molecular 
state  with  quantum  numbers  v  and  J 
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wavenumber  of  a  particular  transition  from 
(v, J)-* (v' , J’ ) 


r 


Raman  line  width 


The  following  statements  can  be  derived  from  the  above 
formulas : 

a)  The  CARS  intensity  depends  on  the  concentration  of  the 
molecules  and  on  the  restive  population  number,  which  in 
thermodynamic  equilibrium  is  a  function  only  of  the  temperature 
(Boltzmann  distribution) .  CARS  is  a  measuring  method  for 
concentration  and  temperature. 
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b)  By  tuning  the  laser  wavenumber  us  a  CARS  spectrum  can  be 
generated.  In  the  resonance  case,  i.e. 

(4) 

W.  -  W  =  <0  ^  1 

1  s  v,  J 
or  expressed  differently 

2'U,  -  u  =  (o  ( 5 ) 

Isas 

with  e as  =  wavenumber  of  the  CARS  signal 

one  gets  a  peak  intensity  in  the  spectrum. 

c)  The  dependence  of  the  CARS  intensity  on  the  cube  of  the  laser 
intensity  leads  in  comparison  with  the  spontaneous  Raman 
spectroscopy  to  signal  intensities,  which  are  many  magnitudes 
higher . 

Fig. 2a  demonstrates  a  typical  CARS  spectrum  that  we  get  in  ex¬ 
periments  in  stationary  test  systems.  It  shows  the  N2~spectrum  of 
the  rotation-vibrational  Q-branch,  recorded  in  a  premixed  propane/ 
air  flame. 


Fig. 2:  N2-CARS  spectrum  in  a  propane  flame, 
(a)  experiment,  (b)  theory 


The  rotationa.  lines  within  the  (v=o)-  and  (v=1) -branch  are 
clearly  resolved:  a  result  which  cannot  be  obtained  with  classi¬ 
cal  spectroscopic  methods  because  of  the  poor  resolution  of  the 
monochromators.  With  CARS  the  resolution  is  given  only  by  the 
laser  line  widths.  In  our  experiments  the  resolution  was 
Rl  =  0.55  cm“1 . 
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To  derive  the  temperature  a  computer  simulation  of  the  CARS 
spectrum  is  necessary,  a  simulation  which  takes  into  account  the 
line  broadening  effects  of  pressure  and  temperature  and  the  in¬ 
fluence  of  laser  line  widths  (Fig. 2b).  By  variation  of  the 
temperature  in  the  computer  program  we  get  for  our  flame  measure¬ 
ments  a  temperature  of  T  =  1600  _+  100  K.  Fig. 2  also  shows  that 
for  the  temperature  evaluation  the  measurement  of  intensity  ratios 
of  line  maxima  is  sufficient.  This  method  was  used  in  our  shock 
tube  experiments. 


EXPERIMENTAL  SETUP 

The  experimental  setup  for  our  CARS  experiments  in  the  shock 
tube  is  shown  in  Fig. 3.  It  consists  of  a  conventional,  double¬ 
diaphragm  shock  tube,  a  laser  system,  an  optical  setup  and 
detection  and  trigger  electronics. 

The  driven  tube  of  the  shock  tube  has  a  length  of  12m  and  a  tube 
diameter  of  10  cm.  Helium  and  air  are  used  as  driver  gases,  air 
as  test  gas.  Shock  Mach  numbers  in  the  range  of  3  *  Ms  -  6.5  are 
obtained.  Heat  probes  (S1-S3)  are  installed  at  different  points 
in  the  tube  wall  to  measure  the  velocitiy  of  the  shock  wave  and 
to  trigger  the  electronics. 


Doubic-di4phf  agio 


Driver 

tube 


Driven 

tube 


p.D.  *  Photodiode 

OSA  *  Optical  Spectrum  Analyser 

Si -S3  •  Heat  probes 


-EH 


Kwtcrencc  cell 


HClllv 

scope 


Ntj-Y.g  U..r 


Fig. 3:  Experimental  setup  for  CARS  experiments 
in  a  shock  tube 


The  laser  system  (Quantel  Corp. ,  France)  consists  of  a 
pockelscell-switched  Nd-Yag  laser  with  an  amplifier  and  a  KDP 
frequency  doubler.  The  power  of  the  laser  is  8  MW  for  a  15  nsec 
pulse  at  a  wavelength  of  =  532  nm.  20%  of  this  output  is  used 
as  the  first  beam  which  is  necessary  for  the  CARS  process  and 
which  has  the  wavenumber  wi  =  1/x^.  The  main  part  of  the  output 
is  used  to  pump  a  dye  oscillator  and  amplifier  which  provides  the 
As  beam.  The  dye  laser  has  a  power  of  0.7  MW,  15  nsec  pulse  at 
As  =  550  -  700  nm  and  a  line  width  of  0.2  cm"l . 

The  two  laser  beams  are  focussed  simultaneously  and  colinearly 
on  the  shock  tube.  Because  of  the  strong  dependence  on  the  laser 
intensities  the  CARS  beam  is  generated  in  a  small  focal  volume 
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with  a  diameter  of  30  nm  and  a  length  of  2  mm,  which  is  an 
excellent  spatial  resolution.  The  CARS  signal  is  reflected  by  a 
dichroitic  mirror  and  focussed  to  the  entrance  slit  of  a 
spectrograph.  The  two  laser  beams  which  pass  the  mirror  are 
focussed  again  on  a  high  pressure  cell  filled  with  Xenon  (p=5bar) . 
There,  a  nonresonant,  (i.  e.  independent  of  wavenumbers)  CARS 
reference  signal  is  generated,  which  only  depends  on  the  laser 
intensities  and  fluctuations.  The  reference  beam  is  also  directed 
to  the  spectrograph.  Different  filters  and  also  the  spectrograph 
are  used  to  absorb  the  laser  beams  and  stray  light  .With  an  optical 
multichannel  system  (B&M  spektronik,  West  Germany)  the  CARS  and 
the  reference  beam  are  received  at  the  exit  slit  of  the  spectro¬ 
graph  and  displayed  on  a  screen  (Fig.4). 

PaS  =  CARS  signal 
PRe£  =  Reference  signal 


Fig.4:  Typical  signals  on  the  screen  of  the  optical 
multichannel  system 


The  ratio  between  the  signals  Pas  and  Pref  provides  a  CARS 
signal  which  is  nearly  independent  of  laser  intensities  and  fluctu¬ 
ations.  Thus,  we  reduce  fluctuations  of  the  CARS  intensity  from 
shot  to  shot  to  only  +  7%. 

The  exact  synchronisation  of  the  shock  wave  and  the  laser  pulse 
is  an  important  experimental  problem,  because  of  the  short  times 
which  arr  involved.  Fig. 5  shows  the  trigger  and  delay  electronics 
by  which  measuring  points  behind  the  shock  wave  can  be  chosen 
in  such  a  way  as  to  be  reproducible  with  an  accuracy  of  +  4  nsec. 


Fig. 5:  Trigger  and  delay  electronics  for  the  syncnroni- 
sation  of  the  shock  wave  and  the  laser  pulse 
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A  shock  tube  experiment  starts  with  the  tuning  in  the  CARS 
spectrum  to  the  maximum  of  a  rotational  line  which  can  be  resolved 
at  the  test  gas  pressure  ahead  of  the  shock  (Fig. 6). 


Fig. 6:  N2-CARS  spectrum  at  the  test  gas  pressure 
of  50  mbar 


A  measuring  point  with  the  distance  x  from  the  shock  wave  is 
preselected  by  means  of  the  delay  electronics.  After  preparation 
of  all  electronical  and  optical  units  a  shock  tube  shot  is  relea¬ 
sed.  For  the  next  experiment  another  rotational  line  is  chosen. 


RESULTS 

In  such  a  way  we  obtained  the  CARS  intensities  of  different 
rotational  lines  in  dependence  on  the  distance  x  behind  the  shock 
and  on  the  shock  Mach  number.  We  did  experiments  with  three 
different  Mach  numbers:  Ms  =  3.33,  5.25  and  6.40.  Fig. 7  shows  two 
typical  results  for  the  CARS  intensities.  The  intensity  values  are 
related  to  the  values  ahead  of  the  shock.  The  measuring  points 
are  fitted  by  an  exponential  curve. 

To  derive  the  temperatures,  first  the  ratios  of  the  line 
intensities  behind  the  shock  are  calculated.  Therefore  the  CARS 
intensities  (Fig. 7)  are  divided  by  each  other  and  corrected  with 
the  ratio  of  the  lines  ahead  of  the  shock.  Fig. 8  shows  a  result 
which  is  typical  for  all  our  experiment.  Within  the  error  limits 
of  +  8%  for  the  CARS  intensity  ratios  at  a  fixed  point  x,it  follows 
that  the  ratio  of  the  line  maxima  and  therefore  the  rotational 
temperature  behind  the  shock  wave  are  constant. 

The  temperature  is  quantitavely  determined  by  a  comparison  of 
the  experimentally  obtaind  intensity  ratios  with  the  calculated 
intensity  ratios  of  the  line  maxima  .  Fig. 9  shows  for  Ms  =  5.25 
the  calibration  curve  together  with  the  experimental  quotient 
(Fig. 8).  It  provides  a  mean  rotational  temperature. 
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Fig. 9:  Calculated  calibration  curve  for  the  temperatures 
together  with  the  experimental  result  for  Ms=5.25 

In  a  shock  wave  in  air  the  rotation  of  the  molecules  is  completely 
excited  within  the  thin  shock  front,  so  that  the  rotation  and 
translation  are  in  an  equilibrium.  That  means  the  measured  rota¬ 
tional  temperature  is  identical  with  the  gas  temperature.  Fig. 10 
shows  the  experimental  results  at  the  tested  Mach  numbers  compared 
with  the  calculated  temperatures  from  theories  of  a  plane  shock 
wave  with  ideal  and  real  gas  behavior. 


experiment 
theory  (ideal  gasl 

theory  (real  gas) 


Fig. 10:  Experimentally  derived  temperatures  in 
comparison  with  calculated  temperatures 


The  agreement  between  experiment  and  theory  is  very  good  within 
the  error  limit  of  approximately  +  10%  for  our  temperature 
measurements. 

Finally  we  have  to  explain  the  effect  of  the  strong  decay  in 
the  CARS  intensity  behind  the  shock  (Fig. 7) ,  which  was  observed  at 
every  Mach  number  and  every  rotational  line.  Because  of  the 
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dependence  of  the  CARS  intensity  on  the  relative  population  number 
(see:  (1)  -  (3))  you  could  suppose  that  the  strong  decay  in  the 

intensity  is  caused  by  a  change  in  the  vibrational  population 
number,  that  is  by  vibrational  relaxation.  But  that  is  not  the 
case  because  the  measured  strong  intensity  decay  and  the  duration 
of  the  decay  are  in  no  agreement  with  calculated  changes  in  CARS 
intensities  during  vibrational  relaxation,  and  also  in  no 
agreement  with  measured  and  calculated  vibrational  relaxation 
times  5. 


A  comparison  with  our  own  interferometric  measurements  in  the 
increasing  turbulent  wall  boundary  behind  the  shock  6  shows  a 
very  good  agreement  between  the  duration  for  the  building  up  of 
a  stationary  boundary  layer  and  the  duration  of  the  CARS  inten¬ 
sity  decay  to  a  constant  signal.  Furthermore,  if  you  use  some 
estimations  about  the  defocussing  of  laser  beams  in  turbulent 
flows  7  and  take  into  account  the  strong  dependence  of  the  CARS 
intensity  on  the  laser  intensities,  it  is  obvious  that  the 
increasing  boundary  layer  behind  the  shock  extends  the  focal 
volume  and  therefore  reduces  the  CARS  intensity.  So  we  were  able 
to  proove  for  the  first  time  the  influence  of  turbulent  structures 
in  flows  on  CARS  measurements  which  was  suspected  by  several 
other  CARS  experimentalists  1 #8,9. 


The  measurement  of  temperatures  by  CARS  is  not  influenced  by 
this  effect,  because  temperatures  a.  2  derived  from  intensity 
ratios  which  are  generated  under  identical  experimental  conditions, 
that  is  with  identical  boundary  layer  thickness.  The  measurement 
of  concentrations  is  complicated  by  this  effect. 


CONCLUSION 

With  these  experiments  CARS  was  successfully  applied  in  a  shock 
tube  for  the  first  time.  We  have  been  able  to  demonstrate  that 
CARS  is  a  new  promising  diagnostic  tool  for  measuring  temperatures 
or  relative  population  numbers  of  molecular  states,  which  also 
works  reliabely  in  the  short  time,  high  speed,  hot  gas  flow  in  a 
shock  tube.  The  accuracy  of  the  temperature  evaluation  reaches 
+  10%. 
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Temperature -dependent  molar  extinction 
coefficients  of  O2  were  measured  behind  reflected 
shock  waves.  Using  this  temperature  dependence 
of  the  molar  extinction  coefficients,  the  overall 
temperature  profiles  of  H2-O2  detonation  were 
obtained  within  an  error  of  101  and  with  micro¬ 
second  time  resolution.  The  temperatures  measured 
at  C-J  point  were  nearly  the  same  as  the  calculat¬ 
ed.  However,  the  precise  observation  of  the 
absorption  signal  showed  that  the  gas  temperature 
fluctuated  shortly  after  the  detonation  front. 

In  the  super  detonation  zone,  the  highest  gas  A 
temperature  was  much  higher  than  the  temperature 
at  the  C-J  point.  There  are  two  methods  for  this 
temperature  measurement:  (1)  When  the  partial 
pressure  of  the  absorbing  species  is  measured, 
the  temperature  profile  can  be  obtained  by  meas¬ 
uring  the  absorption  profile  of  one  suitable  wave¬ 
length.  (2)  When  the  partial  pressure  of  the 
species  is  not  obtained,  one  must  observe  the 
absorption  profile  of  two  wavelengths. 

By  using  the  result  that  the  temperatures  of 
the  detonation  gas  were  high,  the  deformation  of 
a  needle  was  examined  in  the  detonation  gas. 


INTRODUCTION 

In  order  to  know  the  gas  state  of  detonation,  the  velocity 
and  the  pressure  were  often  measured  with  various  techniques. 1-4 
However,  the  temperature  of  the  detonation  was  usually  calculat¬ 
ed  from  the  velocity  using  the  ZND-model,1  because  there  are  some 
difficulties  in  measuring  the  temperature  directly. 

Some  groups  were  successful  in  measuring  the  temperature: 
Soloukhin  measured  the  detonation  temperature  from  the  inten¬ 
sities  of  the  two  Balmer  H-lines  and  the  highest  temperature  was 
about  5000  K.4  Penzias  et  al. 5  obtained  the  temperature  of  detona¬ 
tion  as  well  as  of  shock  waves  by  measuring  infrared  emission  and 
absorption.  They  found  that  the  H20  and  C02  temperatures  agreed 
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with  the  temperatures  calculated  at  C-J  point.  Gaydon  et  al.8 
measured  the  temperatures  of  the  shock- initiated  detonation  by  a 
spectrum-line  reversal  method  using  a  chromium  line.  Terao  et 
al .  measured  the  electron-  and  gas  -  temperatures  by  the  double 
prove  method,  by  the  spectrum- 1 ine  reversal  method  using  argon 
line,  and  by  the  laser  light  scattering  method. 7<  8  They  found  much 
higher  temperatures  than  the  temperatures  at  C-J  point.  These 
results  show  that  the  detonation  temperatures  are  different  from 
each  other,  probably  depending  on  the  species  used  for  the  meas¬ 
urement.  Therefore,  further  studies  of  the  temperature  of  deto¬ 
nation  are  needed.  Recently  we  proposed  a  UV-absorption  tech¬ 
nique  for  temperature  measurement,  which  has  microseconds-time- 
resolution,  and  we  showed  the  possibility  of  measuring  the 
temperature  of  detonation. 9 

Using  this  technique  the  detonation  temperatures  in  C-J 
condition  and  other  conditions  were  measured. 


METHOD  AND  THEORY 


The  light  absorption  is  described  by  the  Lambert-Beer ’ s 
law.  One  form  of  the  law  is 


-4—  =  lcTecl  (1) 

lo 

Here,  Io  is  the  intensity  of  the  incident  light;  I  is  the 
intensity  transmitted  through  the  column  of  absorbing  species  of 
concentration  c(mol/cm3);  l(cm)  is  the  absorption  path  length; 
and  e (cm2/mol)  is  the  decadic  molar  extinction  coefficient  of 
the  absorbing  species  at  the  given  wavelength.  When  one  uses  the 
partial  pressure  Ppartial  (Pa)  instead  of  the  concentration  of  the 
species,  equation  (1)  can  be  written  as 


e 


T 


R 

Ppartial  1 


iogiot 


(2) 


Here,  the  gas  constant  R  is  8.314 x 106  Pa  cm3/mol  K  and  the  coef¬ 
ficient  e  depends  on  the  concentration  N*  of  the  lower  energy 
level  Ei  of  light  absorption  at  the  given  wavelength.  From  the 
statistical  thermodynamics  one  obtains  for  Ni 

Ni  =  c— |i-  exp  (-Ei/RT)  (3) 


where  c  is  the  total  density  of  the  absorbing  species;  Z  is  par¬ 
tition  function  of  the  species;  g±  is  the  degeneracy  of  energy 
level  Ei  .  The  coefficient  e  is,  therefore,  temperature- 
dependent.  One  can  measure  the  e-values  in  advance  by  using 
shock  tube  technique.  Therefore,  when  the  partial  pressure  and 
the  ratio  I/Iq  can  be  measured,  the  temperature  for  a  given 
species  can  be  obtained  by  Eq.  (2).  (Method  I) 


When  one  can  not  measure  the  partial  pressure  of  absorbing 
species,  one  has  to  measure  the  ratios  I/Io  at  two  wavelengths . 
Namely,  one  obtains  the  ratio  n(Xi,  X2,  T)  of  the  decadic  molar 
extinction  coefficients  e (T,  Xi)  and  e (T,  X2)  at  two  wavelengths 
in  advance  by  using  shock  tube,  then  the  Equation  (2)  gives 
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71  C ^ x  »  ^2  »T) 


etti.  T)  _  logioCI^/I^ 
e(X2.  T)  '  log10(I02/I2) 


(4) 


When  one  measures  the  ratios  Ioi/Ii  and  I02/I2  of  the  absorbing 
species,  he  can  determine  the  temperature  of  the  species.  (Method 
II) 


RESULTS 

Using  above  mentioned 
techniques  the  gas  temperatures 
of  H2-O2  detonation  were  meas¬ 
ured.  The  UV-absorption  band  of 
oxygen-molecule  was  applied  to 
measurement.  Figure  1  shows  the 
experimental  arrangement  of  the 
detonation  tube.  Figure  2 -a 
gives  the  decadic  molar  extinc¬ 
tion  coefficients  of  oxygen- 
molecule.  Figure  2-b  shows  that 
the  total  gas  density  did  not 
influence  the 
molar  extinction 
coefficients . 

Figure  2-c  shows 
also  that  the 
molar  fraction  of 
the  oxygen  in  the 
gas  did  not  influ¬ 
ence  the  molar 
extinction  coef¬ 
ficient.  Namely, 
there  was  no 
influence  of  the 
pressure  broaden¬ 
ing  of  oxygen. 

The  temperature 
dependences  e/T 
are  given  in  Fig. 

3.  Figure  4 
shows  that  only 
the  oxygen-mole¬ 
cule  absorbs  the 
light  at  the 
wavelengths  of 
the  UV- range  in 
the  H2-O2  deto¬ 
nation,  because 
the  wavelength 
dependences  of 
I/I0  of  the  deto¬ 
nation  gas  and  of 
the  oxygen - 
molecule  resemble 
each  other. 


Figure  1.  Detonation  tube. 


Figure  2-a.  Tempera¬ 
ture-dependence  of 
decadic  molar  extinc¬ 
tion  coefficients  of 
O2  at  various  wave¬ 
lengths  . 


Figure  2-c.  Tempera¬ 
ture-dependence  of 
decadic  molar  extinc¬ 
tion  coefficients  of 
O2  at  various  molar 
fractions  of  O2  in 
argon.  ( X*  2400  X) 


Figure  2-b.  Tempera¬ 
ture-dependence  of 
decadic  molar  extinc¬ 
tion  coefficients  of 
O2  at  various  total 
densities.  (X  =  2200  A) 


Figure  5  shows 
the  observed  absorp¬ 
tion  profile  of  the 
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Figure  3.  Temperature 
dependence  of  e/T  at 
various  wavelengths. 


Figure  5.  Absorption  profile 
of  detonation. 

H2  :  02  =  1  :  2,  X  =  2400  A, 
Poflnitial  pressure)  =  53  kPa, 
Observation  place  =  3658  mm 
from  the  ignition  point. 


i  1  I 


Figure  4.  Wavelength- 
dependences  of  I/I0  of 
H2-02  detonation  (X  =  0.25) 
in  shock  waves. 

The  values  of  I/Io  of  deto¬ 
nation  are  the  maximum 
values  of  light  absorption 
and  the  values  of  I/Io  of 
shock  waves  are  recalculat¬ 
ed  for  the  condition; 

3000  K,  the  light  path 
length  of  20  mm,  and  the 
oxygen-concentration  of 
3.5xl0"5  mol/cm3,  whose 
values  are  nearly  the  same 
as  those  at  the  C-J  point. 


detonation  and  the  temperature 
was  calculated  for  the  gas 
behind  the  detonation  front  by 
using  Eq.  (2)  and  Fig.  3. 

Figure  6  shows  the  obtained 
temperature  profile.  Here, 
Ppartial  is  a  partial  pressure 
of  the  oxygen-molecule  in  the 
detonation  gas.  The  pressure 
was  calculated  by  estimating 
that  the  molar  fraction  y(02) 
of  the  oxygen-molecule  was  al¬ 
most  the  same  as  that  in  the 
chemical  equilibrium  under  the 
given  conditions.  (Ppartial  * 
Ppartial  x  y(02)  )  At  C-J  point 
the  molar  fraction  y(02)  are 
between  0.548  (the  initial 
pressure  Po =  40  kPa)  and  0.553 
(P0  =  101  kPa)  for  the  mixture  of 
H2  :  02  -  1  :  2.  It  was  further 
estimated  that  the  molar  fraction 


Figure  6.  Temperature  and 
pressure  profiles  of  detona¬ 
tion  gas. 

H2  :  02  =  1  :  2,  X  =  2400  %, 
P0(Initial  pressure)  *  53  kPa, 
Observation  place  =  3658  mm 
from  the  ignition  point. 


y(02)  remained  almost  constant 
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during  the  observation  time  (<1  ms).  By  the  other  initial  mix¬ 
ture  ratios  the  molar  fractions  y(02)  were  also  estimated  to  be 
of  the  same  value  as  in  the  chemical  equilibrium:  i.e.  y(02)  = 
0.258  (P0  =  40  kPa)  to  0.260  (P0  =  101  kPa)  for  H2  :  02  =  1  :  1. 


H2  :  02 

=  1:2 

H2  :  02 

=  1:1 

H2  :  02 

=  2:1 

Po (kPa) 

TCj(K) 

Tmax (K) 

TCj(K) 

Tmax (K) 

TCJ(K) 

Tmax (K) 

40 

2948 

3200 

3321 

4500 

47 

2962 

3400 

53 

2974 

3300 

3364 

5000 

3538 

4000 

67 

2991 

3300 

3396 

4000 

101 

3028 

3300 

3462 

4000 

Table  1.  Measured  (Tmax)  and  calculated  (Tcj)  temperatures 
at  C-J  point. 

Table  1  shows  the  measured  (Tmax)  and  the  calculated  (Tcj) 
temperatures  at  the  C-J  point. 

Because  of  the  resonant  frequency  of  the  pressure  sensor 
(500  kHz)  we  could  not  observe  the  pressure  profiles  shortly 
after  the  detonation  front  with  the  time  resolution  of  micro¬ 
second.  Therefore,  the  method  II  was  used  to  measure  the  temper¬ 
ature  just  behind  the  detonation  front.  Figure  7  shows  the 
absorption  profiles  at  2500  X  and  2600  X.  The  absorption  increas¬ 
ed  rapidly  at  the  detonation  front.  One  can  not  separate  the 
shock  front  from  the  C-J  point,  because  many  three-dimensional 
structures  exist  in  our  absorption  path  length  (the  path  length  = 
20  mm,  the  slit  opening =  2  mm).  Therefore,  the  absorption 
signal  should  be  considered  to  be  the  overall  (or  mean)  absorption 
intensity.  The  measured  temperature  profile  is  shown  in  Fig.  8. 


Figure  7.  Absorption  profiles 
of  detonation  at  2500  X  (upper) 
and  at  2600  X  (lower). 

H2 :02  *  1:2,  P0  «  101  kPa, 
Observation  place  *  3658  mm. 


Figure  8,  Temperature  and 
oxygen-partial  pressure 
profiles  obtained  from 
Figure  7. 

H2  :02  -  1:2,  P0  =  101  kPa, 
Observation  place  *  3658  mm. 
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Figures  7  and  8  show  that  the  gas  temperature  fluctuates  behind 
the  detonation  front  and  the  amplitude  of  the  temperature  fluctu¬ 
ation  decreased  with  increasing  distance  from  the  detonation 
front.  Using  the  method  I,  the  temperatures  of  the  gas  were 
measured  at  the  places  of  1088  mm  and  1658  mm  from  the  ignition 
point  of  the  endwall.  At  these  places  the  stable  C-J  detonation 
was  not  yet  formed.  Table  II  gives  the  temperatures  measured  at 
these  places.  The  observed  temperatures  were  higher  than  those 
of  the  stable  C-J  detonation.  The  temperatures  at  1088  mm,  where 
there  was  the  flame  propagation  before  the  shock  front,  were  at 
first  lower  (Ti)  than  that  of  the  above  mentioned  C-J  detonation. 
(Tf  =  2100  K,  Po  =  53  kPa;  Tf  =  2100  K,  P0  =  67  kPa;  Tf  =  2300  K, 

P0  =  101  kPa) . 


H2  :  02  =  1  :  2 


Po  (kPa) 

Tmax (K) 

1 = 1088 (mm) 

1658 (mm) 

3658 (mm) 

53 

(Tf  =  2100)  3600 

4000 

3300 

67 

(Tf  =  2100)  3700 

4000 

3300 

101 

(Tf  =  2300)  4000 

3500 

3300 

Table  II.  Measured  maximum  temperatures  at  various 
observation  places  from  ignition  point. 

After  the  flame  the  shock  front  came;  the  temperatures  (Tmax) 
were  higher  than  that  of  C-J  detonation. 


DISCUSSION 

There  are  two  possibilities  for  this  temperature  measurement 
technique,  i.e.  method  I  and  method  II.  When  we  measured  the 
temperature  with  the  method  I,  the  partial  pressure  of  the  oxygen 
molecule  (i.e.  the  molar  fraction  of  the  oxygen-molecule,  y(02)) 
was  needed  during  the  observation  time.  The  value,  y(02) ,  at  the 
C-J  point  was  used  for  the  calculation.  However,  the  molar  frac¬ 
tions  of  O2  behind  the  detonation  front  were  not  those  of  the  C-J 
point.  Furthermore,  with  decreasing  temperature  and  decreasing 
total  pressure  behind  detonation  front  the  chemical  reactions  of 
the  burned  gas  occurred;  most  reactions  were  the  recombinations 
and  the  related  reactions.  Then,  the  molar  fraction  of  the 
oxygen -molecules  changed.  In  our  measurements,  however,  these 
influences  were  not  considered  (we  expected  the  molar  fraction 
of  O2  to  remain  constant).  Theoretical  calculations  in  the  chem¬ 
ical  equilibrium  show:  The  molar  fraction,  y(C>2),  which  was 
0.260  in  the  C-J  condition  of  T  =  3462  K  and  P  =  1.66  MPa,  increas¬ 
ed  to  0.325  at  T  =  2463  K,  P=  0.648  MPa  for  the  expanded  gas  mix¬ 
ture  (Initial  mixture  ratio  H2:C>2  =1:1,  Initial  pressure  Po  =  101 
kPa) ;  y(02)  =  0. 553  in  C-J  condition  of  T  =  3028  K,  P  =  1.48  MPa 
increased  to  y(02)  =  0.598  at  T=  2028  K,  P  =  0.868  MPa  for  the  mix¬ 
ture  H2:02=l:2  of  the  initial  pressure  Po  =  101  kPa.  These 
increases  of  the  molar  fractions  indicate  the  decrease  of  about 
300  K  for  the  gas  temperature  at  T =  2463  K  in  the  mixture  H2:02= 
1:1  ;  i.e.  the  temperatures  measured  a  few  hundred  microseconds 
after  the  detonation  front  could  be  about  300  K  higher  than  the 
true  oxygen-tempeature;  in  the  mixture  of  H2:02  =  1:2,  about  100  K 
higher.  This  change  of  the  oxygen  concentration  was  larger  for 
the  stoichiometric  mixture  (H2:02  =  2:1).  The  molar  fraction  of 
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Oj ,  y(C>2)  ,  which  was  0.049  in  the  C-J  condition  of  T=  3675  K, 
decreased  to  0.033  at  3175  K  and  to  0.004  at  2675  K.  There  was 
another  problem  for  the  stoichiometric  mixture:  When  the  equiv¬ 
alence  ratio  of  the  mixture  decreased  10%  (i.e.  <(>  =  0.91),  the 
molar  fraction,  y(02),  of  the  oxygen  concentration  in  the  C-J 
condition  was  already  much  larger  than  that  of  the  mixture  $  = 

1.0;  i.e.  y  (O2)  =  0.049  at  $  =  1.0  and  y (O2)  =  0.067  at  $  =  0.91. 
Therefore,  the  temperature  measurement  with  the  method  I  is 
difficult  for  the  stoichiometric  mixture.  From  these  experiences 
one  can  say:  Once  the  partial  pressure  of  the  oxygen-molecule  is 
measured,  the  more  exact  gas-temperature  can  be  obtained  with 
the  method  I,  since  the  signal  noise  ratio,  S/N  is  larger  than 
that  of  the  method  II.  Nevertheless,  the  partial  pressure  can 
not  be  obtained  easily  except  for  the  oxygen-rich  (much  richer) 
mixture.  Consequently,  except  the  temperature  measurement  of  the 
oxygen-rich  mixture,  the  method  II  is  more  available,  though  the 
absorption  intensities  at  two  wavelengths  have  to  be  measured  at 
one  time.  Since  the  temperatures  and  the  densities  of  unstable 
species  can  be  measured  with  this  method  II,  one  can  observe  the 
gas  state  in  non-chemical  equilibrium. 

The  temperatures  measured  by  this  UV-absorption  are  those  of 
the  oxygen-molecules  in  the  detonation  gas.  When  the  gas  mixtures 
are  in  the  thermal  equilibrium  during  the  detonation  process,  the 
measured  temperatures  are  those  of  the  detonation  gas.  Further¬ 
more,  it  was  expected  that  the  stable  C-J  detonation  was  already 
formed  at  the  place  of  3658  mm  from  the  ignition  place.  The  tem¬ 
peratures  obtained  at  this  place  are  nearly  the  same  as  the  cal¬ 
culated  by  the  ZND-model.  Penz ias  et  al . 5  have  also  obtained  the 
same  temperatures  as  the  calculated.  Gaydon  et  al.6  have  also 
obtained  uniform  temperature  profiles  behind  shock  initiated 
detonations.  The  observation  times  of  above  mentioned  groups 
were  the  order  of  a  few  hundred  microseconds.  Accordingly,  it  is 
probable  that  the  inhomogeneity  or  the  non-equilibrium  in  the  gas 
phase  already  vanished. 

The  temperature  profiles  with  much  higher  time  resolution 
indicated  that  there  was  a  fluctuation  of  the  gas  temperature. 
(Fig.  7  and  Fig.  8)  Saito  et  al.i°  observed  the  C2  and  CH  emis¬ 
sion  intensities  which  were  radiated  parallel  to  the  tube  axis 
from  detonation,  and  found  the  oscillations  of  the  emission 
intensities.  They  consider  that  the  oscillations  are  due  to  the 
three-dimensional  structure  of  the  detonation.  These  results 
indicate  that  there  might  be  the  fluctuation  of  reaction  order 
behind  the  detonation  front. 

The  measured  temperatures  were  those  of  oxygen-molecules,  as 
mentioned  above.  The  oxygen-molecule  was  not  the  product  of  com¬ 
bustion  reactions.  Therefore,  the  temperatures  of  the  oxygen - 
molecule  did  not  depend  directly  on  the  reaction  enthalpy.  The 
temperatures  of  the  oxygen-molecule  increase  (or  decrease)  due  to 
the  heat  conduction  from  (or  to)  other  species  (intermediate 
products  and  final  products).  In  this  consequence,  one  can 
estimate  that  the  temperatures  of  oxygen-molecule  were  near  the 
mean  value  of  the  gas.  When  the  temperatures  of  the  intermediate 
products  (especially  the  products  activated  by  the  exothermal 
reaction)  are  measured,  they  must  be  higher  than  the  temperatures 
of  other  stable  species.  Soloukhin4  has  observed  abnormally  high 
temperatures  and  Terao  et  al.7  also  observed  much  higher  electron 
temperatures.  Terao' s  results  also  show  the  fluctuation  of  the 
electron  temperatures. 
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Further  studies  are  needed  to  know  whether  the  fluctuation 
occurs  because  of  the  three-dimensional  structure  of  the  detona¬ 
tion  front  and  also  to  know  whether  there  are  some  other  reasons. 
It  is,  however,  ascertained  that  using  this  UV-absorption  mea¬ 
surement,  the  temperature  profile  of  detonation  is  obtained  with 
a  microsecond  time  resolution. 

The  maximum  temperatures  of  the  super  detonation  are  higher 
than  the  temperature  of  the  C-J  detonation  (at  the  places  of  1088 
and  1658  mm  from  the  ignition  place). 11  The  flame  propagation 
was  observed  at  1088  mm  before  the  shock  wave  came.  The  tempera¬ 
ture  Ti  was  much  lower  than  that  of  the  C-J  detonation. 

Though  it  was  somewhat  abrupt,  the  deformation  of  the  needle 
was  observed  in  the  detonation  gas  in  order  to  see  the  high  tem¬ 
perature  detonation  gas  from  other  side. 12  The  deformation  show¬ 
ed  three  typical  cases:  the  first  was  that  the  top  of  the  needle 
was  melted;  the  second  was  that  the  needle  burned;  and  the  third, 
the  needle  was  broken.  (the  fourth  trivial  case  was  that  the 
needle  was  not  deformed.)  These  cases  of  deformation  appeared 
depending  on  the  molar  fraction  of  the  mixture  and  on  the  setting 
place  of  the  needle;  namely,  they  depended  on  the  condition  of 
the  detonation  gas  (the  temperature,  the  molar  fraction  of  the 
gas  and  the  velocity  of  the  burned  gas) .  Melting  of  the  needle 
occurred  in  the  detonation  gas  between  <{>  =  1  and  <f>  =  0.5.  The 
melting  amount  of  the  top  of  the  needle  depended  on  the  diameter 
of  the  top.  Many  of  the  needles  were  burned  in  the  detonation 
gas  of  the  equivalence  ratio  d>  =  0 . 5  and  the  needles  were  broken 
in  the  mixture  of  <t»  =  0.25.  Figure  9  shows  the  amounts  of  the 
needles  melted,  burned  and  broken.  As  seen  from  this  figure, 
the  deformation  of  the  needle  depended  on  the  gas  condition 
(i.e.  the  distance  from  the  ignition  place  and  the  mixture  ratio). 
The  largest  deformation  occurred  at  the  places  of  the  super  deto¬ 
nation  (1  =  1000  -  2000  mm  in  our  experiments).  At  these  places 
the  temperatures,  the  pressures  and  the  flow  velocities  are  high¬ 
er  than  those  at  other  places. 11  As  estimated,  the  flow  veloci¬ 
ties  of  the  detonation  gas  influenced  the  amount  of  the  deforma¬ 
tion.  Namely,  at  the  endwall  of  the  downstream  where  the  flow 
velocity  of  the  gas  was  zeio,  the  needle  was  not  deformed.  More 
precise  observation  of  the  melting  top  of  the  needle  revealed: 

The  top  of  the  needle  having  a  smaller  radius,  r,  melted  more 
and  the  top  whose  radius  was  larger  than  a  certain  value  (r =  0.03 
mm  at  H2:02  =  2:l)  was  not  melted. 

From  this  observation  one  can  expect  to  obtain  information 
on  the  surface  processing  of  the  sharp  end  of  metal12  or  on  the 
form  and  the  place  of  the  detector  used  for  measurements  of  the 

high  temperature  gas.  Further 
details  will  be  published  elsewhere. 


Figure  9.  Deformation  of  needles. 
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CONCLUSION 

The  temperature  profiles  of  the  detonation  gas  were  obtained 
with  microsecond  time  resolution  by  the  light  absorption  measure¬ 
ment.  The  gas  temperatures  had  some  fluctuation  shortly  after 
the  detonation  front.  By  this  technique  the  gaseous  temperature 
and  density  can  be  measured  with  the  time  resolution  of  a  few 
microseconds . 
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\, 

A  prototype,  two-point  trajectory-following  system  is 
described,  which  uses  a  pair  of  simple  Michel  son 
interferometers  having  the  same  He-Ne  laser  as  a  light 
source.  Each  interferometer  provides  a  'measurement  arm1 
which  is  used  to  follow  the  motion  of  a  reference  point  on 
the  model,  a  fringe-cycle  being  generated  when  the 
reference  point  moves  a  half -wavelength  along  the  beam 
incident  on  the  model.  Each  set  of  frequency-modulated 
pulse  trains  is  detected  by  a  photodiode  and  recorded  by  a 
transient  recorder.  The  stored  information  is  then  played 
back  to  a  two-pen  recorder  from  which  the  displacements 
versus  time  and  hence  the  accelerations  of  the  reference 
points  can  be  determined. 

The  system  has  been  used  to  follow  motions  in  the 
pitch-plane  of  ridge-delta  models,  allowed  to  fly  under 
weak  restraint  in  a  shock-tunnel.  The  motions  of  two 
models,  one  of  mass  12.7  g,  the  other  47.6  g  were  separately 
followed,  each  model  carrying  two  corner-cube 
retroreflectors.  Data  were  obtained  from  which  lift  and 
pitching  moment  coefficients  have  been  derived.  In  no  case 
did  the  model  displacement  exceed  1  mm  in  translation  or 
0.1°  in  pitch  during  the  test  period  of  1  ms. 

1.  INTRODUCTION 

To  measure  aerodynamic  forces  using  a  conventional  "force  balance"  in  a 
flow  of  duration  At  requires  a  measuring  system  having  a  characteristic 
frequency  somewhat  in  excess  of  1/At,  A  force-balance  having  a  high  natural 
frequency  is  necessarily  stiff  and  consequently  insensitive1.  The  conventional 
force-balance  is  therefore  not  really  suitable  for  use  in  shock-tunnels  where 
the  test  period  is  less  than  5  ms  and  the  nozzle  reservoir  pressure  such  that 
the  forces  are  of  order  10  N  on  a  typical  model. 

Similar  problems  arise  when  freely  flown  models  are  fitted  with 
accelerometers2,  because  sensitive  transducers  of  high  natural  frequency  and 
low  mass  are  difficult  to  design.  A  hybrid  technique  in  which  the  response  of 
a  low  frequency  force  transducing  system  is  compensated  by  appropriate 
accelerometer  signals  has  been  reported3,  but  the  calibration  and  setting-up 
procedures  are  elaborate  and  tedious. 
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A  somewhat  different  approach  involves  monitoring  the  displacement  of  a 
freely-flying  model.  A  model  of  low  mass  (of  order  10  g)  is  suspended  by 
threads  which  break  as  the  flow  starts.  The  motion  is  followed  using  either 
a  high-speed  cine  camera4,  a  multiple-spark  exposure  of  a  single  photographic 
plate5,  or  by  mounting  a  flashing  light  within  the  model6.  To  derive 
accelerations,  and  hence  forces,  requires  double  differentiation  of  the 
displacement  vs  time  data,  so  the  primary  data  need  to  be  of  high  accuracy. 

In  general  high-speed  cine-photography  results  in  pictures  of  small  frame  size 
and  poor  resolution;  neither  is  conducive  to  high  accuracy.  The  multiple 
exposure  of  a  single  plate  is  limited  by  the  latitude  of  the  photographic 
emulsion,  which  can  marginally  tolerate  ten  exposures  in  which  the  shadow 
images  of  the  model  overlap.  The  relative  positions  of  these  images  can  at 
best  be  resolved  to  within  0.1  mm.  In  the  QMC  shock-tunnel,  the  duration  of 
the  quasi -steady  test  flow  is  about  1  ms  and  the  force  levels  of  order  10  N. 

A  model  of  mass  10  g  is  displaced  less  than  1  mm  during  a  test,  so  that 
photographic  techniques  are  clearly  unsuitable  for  resolving  the  motion. 

It  is  well  known  that  optical  interferometry  can  resolve  lengths  to 
within  a  wavelength  of  the  light  used.  When  a  laser  is  used  as  the  light 
source,  not  only  is  it  highly  monochromatic,  it  is  also  coherent  over  a  length 
of  order  metres  so  that  the  measurement  and  reference  beam  path  lengths  can  be 
widely  different  and  yet  interference  can  still  occur.  A  low-powered  He-Ne 
laser  is  very  suitable,  and  with  a  wavelength  of  0.6328  urn,  can  be  used  in  a 
Michel  son  interferometer  to  resolve  displacements  to  within  0.3  um. 

There  is  an  added  advantage  in  limiting  the  displacement  to  small  values. 
When  large  displacements  occur  the  model  also  generally  rotates,  so  that  its 
attitude  to  the  oncoming  flow  changes.  Usually  models  with  lateral  symmetry 
are  tested  at  zero  yaw,  and  the  problem  of  ensuring  longitudinal  stability 
during  a  test  is  an  iterative  one  requiring  several  runs  in  which  the  centre 
of  mass  is  adjusted  from  test  to  test  until  "flight  at  constant  incidence"  is 
achieved.  This  problem  does  not  arise  when  the  displacements  are  limited 
sufficiently.  It  would  seem  therefore  that  an  interferometric  technique  could 
be  well  suited  to  measuring  the  small  displacements  of  a  model  "flown"  in  the 
QMC  shock-tunnel . 

2.  SYSTEM  SPECIFICATION 

The  quasi -steady  flow  in  the  test-section  of  a  shock-tunnel  is  preceded 
by  the  passage  of  the  startinq-waves.  The  forces  acting  during  this  starting 
process  are  time-dependent,  and  difficult  to  predict,  but  they  are  likely  to 
be  at  most,  of  the  order  of  those  occurring  during  the  test  period.  For 
specifying  the  system  requirements  it  is  sufficiently  accurate  to  assume  that 
the  acceleration  of  the  model  during  the  starting  process  is  the  same  as  that 
which  it  undergoes  during  the  test  period.  In  the  QMC  shock-tunnel  the 
dynamic  pressure  can  be  as  low  as  1  kN/m2,  the  quasi -steady  test  period  is 
about  1  ms  and  the  starting  process,  allowing  for  the  establishment  of  flow 
about  the  model,  occupies  about  0.7  ms. 

To  determine  accelerations  it  is  necessary  to  differentiate  twice,  and 
experience  suggests  that  at  least  10  fringes  (data  points)  are  required  for 
reasonable  accuracy  in  the  second  derivative.  To  measure  force  coefficients 
from  0.01  upwards,  we  obtain  for  the  "mass  loading"  required  of  the  model, 
that  m/Sv  <  3.8  kg/m2.  The  plan  area  sw  of  the  model  depends  on  the  size  of 
the  test  section  and  the  need  to  mount  the  reflectors  which  return  the 
measurement  beams  to  interfere  optically  with  the  reference  beams  of  the 
interferometer.  The  free- jet  test-section  of  the  0MC  tunnel  has  a  non-vi scous 
core  estimated  to  be  about  200  mm  in  diameter.  A  model  of  length  120  mm  with 
a  triangular  planform  of  aspect  ratio  1  was  chosen,  giving  sw  =  0.0036  m2. 

Thus  m  <  13.7  g  if  10  fringes  were  to  be  generated  in  the  "worst"  case.  Of 
course,  at  higher  force  levels,  more  fringes  would  be  produced  with  such  a 
model,  or  one  could  tolerate  a  heavier  model. 
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A  symmetrical  model  at  zero  yaw  will  experience  only  a  lift,  drag  and 
pitching  moment.  At  least  three  independent  interferometer  systems  would  be 
needed  to  follow  the  motion.  Although  the  model  pitches  and  translates,  the 
beams  reflected  from  the  model  must  be  so  returned  as  to  interfere  with  the 
reference  beams  at  the  fringe  detectors  for  the  duration  of  the  test.  In 
addition  the  other  components  of  each  interferometer,  from  the  beam  splitter 
to  the  detector  must  remain  fixed  relative  to  one  another,  since  any  relative 
movement  would  also  give  rise  to  fringes. 

Although  the  design  is  based  on  a  minimum  of  10  fringes  being  generated 
during  the  test  period,  at  higher  force  coefficients  and  pressure  levels,  many 
more  would  be  produced,  perhaps  a  thousand.  At  the  end  of  the  test  period  the 
generation  rate  would  be  about  3  MHz.  The  detection  and  recording  system  must 
have  the  bandwidth  to  cope  with  this  if  full  use  is  to  be  made  of  the 
available  test  time. 

3.  APPARATUS 

3.1  The  QMC  shock-tunnel 

The  driven  section  of  the  shock-tube  is  of  square  cross-section  (76.2  mm) 
and  approximately  9.5  m  in  length.  Cold  hydrogen  is  used  to  drive  shocks  in 
the  working  gas,  nitrogen,  the  tunnel  being  operated  in  the  tailored- 
interface  mode,  found  experimentally  to  correspond  to  a  shock  Mach  number  of 
5.92  at  the  nozzle  entrance.  The  maximum  driver-gas  pressure  is  100  atm  but 
for  safety  and  economy  it  is  usually  operated  at  lower  pressures.  A  conical 
nozzle  of  included  angle  20°  with  interchangeable  throat  sections  exhausts  as 
a  free  jet  of  diameter  305  mm  into  the  test  chamber,  a  Melinex  diaphragm  being 
used  at  the  throat  so  that  the  nozzle,  test  chamber  and  dump  tank  can  be 
evacuated  to  ensure  rapid  starting.  Side  ports  in  the  cylindrical  test 
chamber  accommodate  windows  of  diameter  250  mm.  The  stagnation  conditions  at 
the  nozzle  entrance  are  determined  from  measurements  of  the  initial  pressure 
plt  and  temperature  T i,  of  the  nitrogen  and  the  speed  of  the  incident  shock 
over  the  final  part  of  its  motion  before  reflection.  The  reservoir  pressure 
level  and  constancy  had  been  previously  checked  using  a  Kistler  701A 
transducer. 

3.2  The  model  and  its  mounting 

Although  the  mass  of  the  model  is  not  to  exceed  about  14  g,  it  must  carry 
retroreflectors  which  return  the  incident  beams  along  paths  parallel  to 
themselves.  These  retroreflectors,  see  below,  are  relatively  fragile  and 
expensive  and  must  be  protected  from  damage.  Because  only  small  displacements 
were  necessary,  it  was  decided  to  suspend  the  model  by  two  threads. 
Occasionally  one  of  these  broke  and  the  model  impacted  the  support,  so  that 
protection  of  the  reflectors  was  felt  to  be  desirable. 

The  particular  layout  of  the  tunnel  made  it  awkward  to  accommodate  an 
interferometer  to  follow  motion  along  the  stream  direction  so  it  was  decided 
to  concentrate  on  the  motion  due  to  lift  and  pitching  moment  for  the 
prototype  system.  A  lifting-model  was  therefore  necessary,  and  a  simple 
"ridge-delta"  was  chosen.  The  model  was  fabricated  using  a  thin  aluminium 
alloy  plate  to  form  the  plane  surface,  appropriately  chamfered  to  give  the 
sharp  leading  edges,  to  which  was  bonded  the  upper,  ridge  portion  cast  from 
Isofoam,  a  closed-cell,  polyurethane  foam  material.  Cavities  to  house  the 
retroreflectors  formed  part  of  the  cast  shape,  holes  being  provided  in  the 
alloy  plate  for  lift  and  moment  element  blanks. 

The  retroreflectors  are  "corner-cube"  reflectors,  see  figure  1.  Any  beam 
at  Incidences  up  to  about  45°  is  reflected  along  a  path  parallel  to  that  along 
which  it  came.  Moreover,  the  path  length  within  the  glass  is  independent  of 
the  position  on  the  face  ABC  upon  which  the  beam  is  incident  so  that 
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displacements  normal  to  the  incident  beam  do  not  produce 
fringes.  Rotations  do  have  a  small  effect  which  is  taken 
into  account  in  the  data  reduction.  Both  for  protection 
and  to  simplify  their  location  in  the  model,  the 
reflectors  were  cemented  into  cylindrical  holders, 
relieved  at  one  end  to  fit  the  ridge-line  of  the  model. 
Several  nominally  identical  models  were  made,  and  in 
addition  a  model  of  aluminium  alloy  only,  having  the  same 
nominal  dimensions,  was  made  for  testing  at  the  higher 
force  levels.  The  retroref lectors  were  easily  transferred 
from  one  model  to  another  as  the  need  arose.  The  main 
characteristics  of  the  models  are  shown  in  figure  2.  The 
model  was  mounted  with  0 xy  approximately  vertical,  so  that 
the  "lift"  acted  horizontally,  and  the  interferometer 
beams  entered  through  the  side  windows  of  the  test 
chamber.  The  eye  ends  of  sewing  needles  were  cemented 
into  holes  fore  and  aft,  about  0.5  mm  from  0 xy,  and  the 
model  suspended  on  the  test-section  centre-line  from  a 
sting  above  the  flow,  using  nylon  threads.  The  sting 
itself  was  carried  on  mountings  isolated  by  a  system  of 
soft  springs  from  both  the  tunnel  structure  and  the 
laboratory1.  The  nominal  incidence  of  the  model  was  set,  fairly  crudely  for 
these  prototype  tests,  against  a  protractor  attached  to  the  sting. 
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Fig.  2.  The  main  characteristics  of  the  models.  G  is  the  centre  of  mass, 
A  and  F  denote  the  centre-lines  of  the  aft  and  forward  retroreflectors. 

3.3  The  interferometer  systems 

The  decision  to  concentrate  on  the  lift  and  pitching  characteristics 
meant  that  two  independent  measurement  systems  were  necessary  with  two 
incident  and  two  returned  light  beams  passing  through  the  test-section 
windows.  A  single  He-Ne  laser  light  source  was  used  for  both  systems,  it 


being  divided  into  two 
using  a  beam  splitter  B3 
after  being  expanded  and 
collimated  to  a  diameter  of 
about  10  mm.  Expansion  of 
the  beam  was  employed  to 
limit  the  amplitude 
modulation  of  the  fringe 
intensity  which  results 
from  lateral  movement  of 
the  retroreflectors,  the 
sensitive  areas  of  the 
photodetectors  used  being 
rather  small.  Each  beam 
was  then  split  into  a 
reference  beam  and  an 
active  beam  to  form  two 
Michel  son  interferometers, 
one  impinging  on  the 
forward  retroreflector  on 
the  model ,  the  other  on  the 
rearward  one,  as  shown  in 
figure  3.  To  ensure  that 
fringes  were  generated  only 
as  a  result  of  model  motion, 
all  elements  of  the 
interferometers  apart  from 
the  laser  and  beam  expander, 
and  of  course  the 
retroreflectors  on  the 
model,  were  mounted  rigidly 
on  three  optical  rails, 
themselves  mounted  on  a  plate  405  mm  square  by  12.7  mm  in  thickness.  This 
assembly  was  supported  on  a  heavy  tubular  pedestal  isolated  from  the 
laboratory  floor  by  fibre  pads.  The  natural  time  constant  of  this  system  was 
very  long  compared  with  the  test  period,  so  that  its  motion  produced  less  than 
one  fringe  during  a  test,  though  the  laboratory  structure  and  floor  responded 
quite  markedly  to  passing  road  traffic  and  underground  trains. 

The  interference  fringes  were  detected  by  simple  photodiodes  having  a 
response  time  of  0.25  ys.  The  two  signals,  essentially  frequency-modulated 
pulse  trains,  were  amplified  and  recorded  using  two  DATALAB  transient 
recorders  having  a  maximum  sampling  rate  of  5  MHz  and  a  capacity  of  1000 
points.  The  recorded  signals  were  then  "played  back"  on  a  two-pen  chart 
recorder  for  analysis. 

4.  THE  EXPERIMENTS 

The  majority  of  tests  were  carried  out  at  a  nominal  nozzle  reservoir 
pressure  of  about  7.7  atm  and  a  stagnation  temperature  of  4000  K  corresponding 
to  tailored-interface  operation  of  the  shock-tunnel  at  a  driven-gas  pressure 
Pj  =  18  torr.  The  nozzle  throat  was  12.7  im  in  diameter.  Based  on  the 
measurements  of  references  7  and  8,  it  is  estimated  that  vibrational  freezing 
of  the  expanding  nitrogen  occurs  "suddenly"  at  about  2400  K  and  that  the  flow 
Mach  number  M  ,  at  the  test  station  is  10.3  with  a  dynamic  pressure  of 
1.07  kN/m2.  " 

Data  were  obtained  over  a  range  of  nominal  Incidences  of  the  model  from 
-20°  to  10°  (the  flat  surface  is  an  expansion  surface  for  positive  incidences 
of  the  model);  most  cases  were  repeated  several  times.  The  composite  model 
was  used  for  the  majority  of  the  tests,  but  some  tests  were  carried  out  on 
the  alloy  model.  At  low  Incidences,  when  the  force  levels  were  also  low, 
data  were  recorded  for  the  full  quasi -steady  test  period  of  1  ms.  At  higher 
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force  levels,  the  fringe  generation  rate  was  too  fast  for  the  transient 
recorder  to  be  used  at  one  point/microsecond,  and  "aliasing"  of  the  data  was 
apparent.  In  such  cases  each  store  of  1000  points  was  filled  at  2  MHz  or 
5  MHz  and  the  effective  test  period  curtailed  accordingly;  adequate  data 
were  produced,  even  in  200  us. 


Fig.  4.  A  typical  record.  The  solid  line  is  the  derived  motion  of  the 
mass  centre  G. 

A  typical  record  is  shown  inset  in  figure  4,  telescoped  along  the  time- 
scale  to  fit  the  page.  In  practice  the  records  were  spread  over  a  chart 
length  of  0.5  m  so  that  the  time  of  passage  of  each  fringe  t(n)  could  be  read 
to  within  about  0.1%  of  the  total  recorded  time.  Plots  of  n[t)  for  both  the 
fore  and  aft  retroreflectors  for  the  same  test  run  are  also  shown  in  figure  4 

5.  DATA  REDUCTION 

Consider  two  right-handed  cartesian  frames  Osnc  and  G123  as  shown  in 
figure  5.  Osnc  is  a  laboratory-fixed 
(inertial)  frame  with  0s  in  the  stream 
direction  and  0?  in  the  direction  of 
the  incident  laser  beams.  G123  is  a 
body-fixed  frame  with  origin  at  the 
centre  of  mass  G  of  themodel,  x\  and 
x3  in  its  plane  of  symmetry,  with  G1 
parallel  to  the  face  containing  the 
retroreflectors  and  directed  forward, 
and  G3  normal  to  it,  as  shown.  The 
angle  between  G1  and  0s  is  e(t).  It 
may  be  shown  that  the  component  of 
acceleration  eg,  of  the  centre  of 


Fig.  5.  Inertial  and  body-fixed 
co-ordinate  frames. 
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mass,  along  the  direction  0?  and  the  angular  acceleration  e  are  given  by 


(*iF  +  x3ptan9)cA  -  (*iA  +  x3Atane)HF 
XlF  "  XlA 


X3p62sece  .. 


(1) 


and  a  =  (cA  -  Cp)sece/(xiA  -  xip)  +  e2tane  .  (2) 

where  xp  and  gA  are  the  position  vectors  in  the  frame  6123  of  the  effective 
fore  and  aft  points  of  measurement,  tp  and  it  are  their  components  of 
acceleration  along  Oc  and  it  has  been  assumed  that  x3p  =  x3a. 

The  terms  involving  e2  contribute  less  than  0.1%  in  both  cases  throughout 
all  test  runs  and  have  been  ignored  in  the  data  reduction.  Displacements 
normal  to  0c  do  not  affect  the  path  lengths  of  the  laser  beams,  but  rotations 
of  the  model  do  have  a  small  effect.  For  a  ’’roof-top"  prism  retroref lector 
it  can  be  shown  that  rotations  can  be  accounted  for  by  taking  as  the  effective 
measurement  centre,  a  point  on  the  intersection  of  its  planes  of  symmetry  a 
distance  zL  from  the  face,  where  L  is  the  distance  of  the  face  from  the  apex. 
For  crown  glass,  of  refractive  index  1.5,  e  =  0.88  ±  0.01  for  | e | <20° ,  and 
since  x3tane  <<  xi  in  all  practical  cases,  e  =  0.88  has  been  used  for  the 
corner-cube  retroreflectors  also,  for  which  L  -  5//3  mm.  The  acceleration 
components  if  and  it  are  then  simply  jAnp  and  \\nt  respectively.  The  raw  data 
give  the  fringe  number  n(t)  for  points  A  and  F.  By  curve-fitting  a  parabola 
n( t)  «  A  +  Bt  +  Ct2  using  the  method  of  least  squares,  the  second  derivative 
n  =  ZC  may  be  found,  so  that  |c|  =  C\,  where  it  is  implicity  assumed  that  once 
in  motion  the  model  continues  to  move  in  the  same  general  direction.  However 
the  signs  of  the  displacements  and  hence  directions  of  the  accelerations  remain 
unknown.  Though  methods  are  available  for  discriminating  direc.ion  (see  ref. 10 
for  example),  for  simplicity  in  the  prototype  system,  the  present  data  have 
been  reduced  by  using  internal  evidence  and  plausible  argument.  For  example 
at  large  (numerical)  values  of  incidence  a,  the  displacerfients  aca  and  acf  will 
both  have  the  same  size  as  a,  and  since  the  pressures  on  each  face  will  be 
nearly  uniform,  placing  the  centre  of  pressure  a  distance  o0/ 3  from  the  base, 
that  is,  forward  of  G,  the  pitching  moment  about  G  will  also  have  the  same 
sign  as  a.  At  small  values  of  |a|,  the  situation  can  be  ambiguous  but  has  been 
resolved  by  requiring  that  cq  and  §  be  smooth  functions  of  a. 

The  force  in  the  direction  0?  and  the  pitching  moment  Mq  about  G2  are 
respectively 


F?  =  miG  and  wQ  =  i22Ge  .  (3) 

where  in  the  second  equation  we  have  assumed  that  the  squares  and  products  of 
the  roll  and  yaw  rates  are  negligible.  As  the  model  swings  at  the  ends  of  the 
threads  from  the  suspension  sting,  there  is  a  small  roll  velocity  and  the 
direction  of  the  laser  beams  is  not  quite  that  of  the  lift,  because  of  the 
manner  In  which  the  model  is  suspended.  In  consequence  there  is  also  a  very 
small  yaw,  but  its  effects  are  negligible.  The  model  is  hung  by  a  pair  of 
threads  attached  close  to  one  of  the  leading  edges,  and  it  must  therefore  rest 
initially  with  the  two  points  of  attachment  and  G  in  the  same  vertical  plane. 
On  the  assumption  that  the  nozzle  centre-line  is  horizontal,  the  model  is  also 
set  up  with  its  axis  Gi  horizontal.  The  true  incidence  therefore  differs  from 
that  set  on  the  protractor  and  though  it  varies  slowly  with  setting  angle,  the 
correction  is  about  -0.9°  for  the  composite  model  and  -2.2°  for  the  duralumin 
model.  The  correction  to  the  lift  because  its  direction  is  not  quite  along  0c 
is  very  small,  about  1%  in  the  worst  case.  All  these  effects  are  of  course 
avoidable  by  careful  design  of  the  suspension. 

The  mass  m  of  the  model,  and  of  its  component  parts,  were  obtained  by 
weighing,  to  within  10  mg.  The  position  of  the  centre  of  mass  G  was  then 
computed,  as  also  was  the  moment  of  Inertia  722q  about  G2.  Equation  (3)  then 
gives  the  pitching  moment  about  the  centre  of  mass,  which  Is  In  a  different 
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geometric  position  for  the  two  models,  figure  2.  The  moments  have  therefore 
been  transferred  to  a  common  geometric  centre,  a  line  c0/3  from  the  base, 
corresponding  to  the  position  of  the  centre  of  pressure,  were  the  pressures 
uniform  over  each  surface. 

In  order  to  derive  the  coefficients  of  lift  and  pitching  moment  one  needs 
to  know  the  dynamic  pressure  \rpjtt  of  the  stream.  This  is  not  known  with 
any  certainty  for  the  QMC  tunnel  for  two  reasons.  With  relatively  low 
pressure  high  enthalpy  flows,  the  thermodynamic  state  of  the  gas  at  the  test 
section  is  uncertain,  and  with  a  conical  nozzle,  the  test  flow  is  spatially 
non-uniform.  The  data  of  references  7,  8  and  9,  have  been  used,  account  being 
also  taken  of  the  small  effects  due  to  random  variation  in  the  incident  shock 
strength  in  the  shock-tube.  The  effects  of  flow  coni  city  remain  unaccounted 
for,  but  are  likely  to  be  smaller  than  the  cone  angle  of  20°  would  suggest 
because  of  the  boundary  layer  on  the  nozzle  wall. 

6.  RESULTS 

The  reduced  data,  averaged  over  the  test  period,  for  the  ridge-delta  of 
aspect  ratio  1  and  thickness  ratio  0.125  are  shown  in  figures  6  and  7.  Most 
of  the  points  represent  the  means  of  several  tests  at  the  same  nominal 
incidence  and  hide  a  scatter  of  up  to  ±10%  in  some  cases.  This  is  thought 
to  be  due  to  the  rather  crude  arrangement  used  for  setting  the  incidence 
together  with  the  variation  in  nozzle  reservoir  pressure  which  may  amount  to 
±5%  during  the  test  period  and  may  also  vary  from  test  to  test  in  a  random 
way  due  to  differences  in  the  diaphragm  bursting  behaviour  and  shock-wave 
attenuation. 

The  fringe  count  n(t)  over  the  whole  test  period  was  fitted  by  a  parabola 
very  well  -  in  all  cases  the  standard  deviation  was  only  a  fraction  of  a 
fringe.  Systematic  variations  attributable  to  the  small  differences  in  final 
shock  velocity  in  the  shock-tube  were  of  course  taken  into  account  in  the  data 
reduction.  The  actual  measurements  yield  the  lift  and  moment  fairly  directly; 
the  derivation  of  the  coefficients,  which  are  based  on  the  plan  form  area  of 
the  delta,  depends  also  on  the  dynamic  pressure  as  we  have  noted.  However  the 
value  used,  0.445pi  (normalised  at  the  tailored-interface  shock  strength) 
corresponding  to  sudden  freezing  of  the  vibrational  mode  of  the  nitrogen 
differs  little  from  the  values  obtained  assuming  full  equilibrium  flow  or 
fully  frozen  vibration  throughout  the  nozzle,  0.410pi  and  0.440pi  respectively. 
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Also  shown  in  figure  6  is  a  theoretical  curve  computed  for  the  compression 
surfaces  using  an  inviscid,  perfect  gas  theory  due  to  Larcombe11,  which 
assumes  that  the  flow  is  essentially  conical  and  is  an  interpolation  based  on 
the  base  areas,  between  an  equivalent  cone  and  a  two-dimensional  flow.  The 
expansion  surface  contribution  at  each  incidence  has  been  computed  using  small 
disturbance  theory  (see,  for  example,  reference  12),  and  is  found  to  provide 
about  20%  of  the  lift.  The  base  region  was  assumed  to  be  at  the  ambient 
pressure  pm.  The  agreement  between  theory  and  experiment  is  remarkably  good 
but  must  be  regarded  as  fortuitous. 

In  these  tests  for  most  of  which  the  Reynolds  number  Re c  is  about  7000 
viscous  interactions  are  expected  to  be  significant,  and  will  modify  the 
pressures  near  the  leading  edges.  It  is  possible  that  the  effects  on  the 
upper  and  lower  surfaces  cancel,  at  least  for  small  incidences,  and  this  may 
explain  the  good  agreement;  at  larger  values  of  |a|  divergences  begin  to 
appear.  On  the  assumption  of  conical  flow,  the  moment  coefficient  about  the 
reference  line  should  be  zero.  A  least-squares  straight  line,  see  figure  7, 
suggests  that  the  lift  acts  about  4%  ahead  of  the  reference  point  consistent 
with  higher  pressures  in  the  forward  regions  than  predicted. 

7.  CONCLUSIONS 

The  prototype  system  has  been  successfully  demonstrated  and  has  produced 
data  under  conditions  in  which  other  methods  have  so  far  failed.  The 
extension  to  the  measurement  of  other  force  and  moment  components  is  one 
largely  of  detail. 

The  main  disappointment  has  been  in  the  rather  larger  scatter  than 
expected  from  nominally  identical  tests.  However  we  feel  that  this  is 
probably  attributable  to  features  other  than  the  acceleration  measurement,  and 
until  these  have  been  eliminated  the  full  potential  of  the  system  will  remain 
uncertain. 

The  manual  data  reduction  is  rather  tedious,  but  readily  automated.  Once 
the  data  are  stored  in  transient  recorders,  each  record  could  be  played  back 
relatively  slowly  to  a  system  which  would  measure  the  times  for  An  successive 
fringes  relative  to  the  known  overall  time  of  the  record.  An  could  be 
controlled  by  suitable  programming  of  a  microcomputer. 
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PULSED  FLOW  AERODYNAMIC  WINDOWS* 
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Aerodynamic  windows  provide  pressure  and  gas  species 
isolation  interfaces  which  are  transparent  to  laser 
radiation.  The  feasibility  of  using  a  shock  tube 
flow  field  as  a  single- shot  window  for  short,  high- 
energy  laser  pulses  was  investigated.  A  primary 
application  of  such  a  window  would  be  for  the  gas 
laser  driven  inertial  confinement  fusion  test 
facility  currently  planned  by  DoE.  Experiments 
were  performed  to  determine  the  phase  aberrations 
and  beam-quality  degradations  produced  by  a  pulsed- 
flow  window.  Holographic  interf erograms,  when 
interpreted  with  a  densitometer,  typically  showed 
an  RMS  phase  aberration  of  0.13  rad  in  tests  using  , 

He  and  1.25  in  tests  using  air,  all  at  the  0.694  *jm  r>  ,c 
Ruby  wavelength. ir- Scaling  relationships  developed 
under  this  study'Sshow  that  such  performance  is  more 
than  adequate  to  meet  the  anticipated  fusion  laser 
beam  quality  requirements. 

INTRODUCTION 

In  the  context  of  high-energy  lasers,  an  aerodynamic  window 
is  a  gas  pressure  and  species  isolation  interface  generated  by  a 
gas  stream.  Continuous- flow  aerodynamic  windows  have  been  used 
now  routinely  on  a  variety  of  high-power  CW  and  pulsed  lasers  as 
beam  output  windows,  where  the  power/energy  levels  preclude  long 
term  operation  with  material  windows.  Some  examples  are  CW  gas- 
dynamic  (CO2)  and  chemical  (DF)  lasers,  and  pulsed  electric  dis¬ 
charge  (CO2)  lasers. 1 •  2 •  5 •  * 

The  gas  flow  rate  in  such  continuous-flow  aerodynamic  windows 
is  typically  proportional  to  the  laser  cavity  pressure  and  beam 
output  aperture.  For  large  aperture  lasers,  such  as  those  currently 
envisioned  for  laser  fusion  applications,  the  mass  flow  rate  and 
cost  associated  with  running  a  continuous- flow  aerodynamic  window 
are  prohibitively  high.  However,  these  lasers  operate  in  a  pulsed 
mode  and  require  only  a  pulsed-flow  aerodynamic  window  in  which  the 
flow  is  on  only  for  a  short  time  during  which  the  laser  pulse  is 
extracted.  The  flow  can  then  be  turned  off  (and  the  aperture 
closed  by  a  non-transparent  partition)  during  the  time  interval 
between  two  pulses,  with  substantial  saving  in  gac  flow  rate  and 
recirculation  costs. 

Work  performed  under  LASL  P.O.  No.  4L2'&-8204K-1 . 
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The  operation  of  a  pulsed-flow  aerodynamic  window  which  can 
provide  the  same  pressure  and  species  isolation  as  a  continuous 
flow  window  but  with  only  a  small  fraction  of  the  flow  rate  was 
demonstrated  at  TRW5  for  single  pulse  laser  fusion  applications 
using  a  shock-tube  simulation  technique. 

THE  PULSED  AERODYNAMIC  WINDOW  CONCEPT 

A  pulsed-flow  aerodynamic  window  is  described  schematically 
in  Figure  1.  It  is  essentially  a  burst-diaphragm  shock  tube 
placed  at  the  beam  output  port  of  a  laser  oscillator  or  amplifier. 
The  window  thus  becomes  an  integral  part  of  the  laser  beam  duct. 


Figure  1.  Schematic  of  a  pulsed  aerodynamic 
window  and  its  operation 


The  portion  of  the  duct  to  the  left  of  the  diaphragm,  the 
window  driver,  will  be  typically  filled  to  a  pressure  which  equals 
the  laser  pressure.  The  gas  composition  there  may  be  different 
from  that  of  the  laser  gas  to  minimize  absorption  of  the  laser 
beam.  A  shutter  can  be  used  to  separate  the  laser  gas  from  the 
window  driver  gas.  This  shutter  will  then  be  opened  (say,  pneu¬ 
matically)  some  short  time  before  the  laser  is  fired.  The  window 
driver  gas  should  be  matched  in  density  and  index  of  refraction 
to  the  laser  gas  to  minimize  gas  mixing  and  refractive  gradients 
induced  by  shutter  motion.  The  conditions  in  the  window  duct  are 
the  same  as  the  beam  duct,  which  depend  on  the  mode  of  window 
operation,  as  will  be  explained  below.  A  second  shutter  may  be 
placed  downstream  of  the  window  duct  region  to  minimize  the  flow 
of  driver  gas  into  the  duct  and  to  minimize  pumping  required 
between  laser  pulses.  This  shutter  too  will  be  opened  just  before 
and  closed  a  short  time  after  the  laser  is  fired  (see  Figure  1, 
Sequences  ©  and  ©  )  . 

The  diaphragm  opening  must  be  triggered  by  some  external  means 
before  the  laser  is  fired.  The  time  delay  between  triggering  the 
diaphragm  burst  and  transmitting  the  laser  pulse  will  be  of  the 
order  of  1  to  10  milliseconds,  depending  on  the  window  and  diaphragm 
the  diaphragm  clears  the  window  aperture  and  flattens  itself  against 
the  duct  walls  (Figure  1,  Sequence©).  The  resulting  gas  flow 
rapidly  evolves  into  the  well  understood  shock  tube  flowfield:* 
four  uniform  regions  separated  by  plane  waves  and  a  contact  surface. 
The  laser  pulse  can  now  be  propagated  through  the  window  into  the 
beam  duct. 


Simulation  of  Aerodynamic  Windows  1 16 1 1 

The  effect  of  the  window  flow  field  on  the  phase  and  focusa- 
bility  of  the  transmitted  laser  beam  is  the  one  major  factor  which 
will  determine  the  feasibility  and  usefulness  of  this  window  concept. 
The  major  variations  in  gas  properties  are  along  the  duct  axis,  and 
hence  should  have  little  or  no  effect  on  the  quality  of  an  axially 
transmitted  laser  beam.  However,  lateral  variations  are  also 
expected  to  be  found  in  such  a  duct,  particularly  next  to  the  "con¬ 
tact  surface"  which  in  reality  is  a  turbulent  inhomogeneous  mixture 
of  gases  from  regions  2  and  3  of  the  shock  tube  flow.  The  refrac¬ 
tion  through  this  region  could  have  a  degrading  effect  on  the  beam 
quality  of  a  transmitted  laser  beam  depending  on  the  magnitude  of 
the  index  variations. 

The  effects  of  such  lateral  disturbances  on  beam  quality  can 
be  minimized,  with  proper  choice  of  conditions  in  the  window  duct 
(or  the  beam  duct) .  If  the  beam  duct  is  at  very  low  pressure 
(P1/P4)  "*■  00 r  and  the  driver  gas  essentially  expands  into  vacuum 
then  the  density  of  the  contact  surface  is  very  low  and  cannot 
cause  significant  refraction.  If  the  beam  duct  is  at  an  inter¬ 
mediate  pressure  (P4/P1)  “  0(1),  then  the  beam  duct  gas  may  be 
chosen  to  match  the  refractive  index  of  the  gases  in  regions  2 
and  3  of  the  shock  tube  flow. 

CONCEPT  VERIFICATION  TESTS 

The  experiment  utilized  a  conventional  shock  tube  (3.5"  square 
and  16'  long)  fitted  with  optical  glass  windows  at  both  ends  (Figure 
2).  A  scribed  aluminum  diaphragm  was  used  and  the  burst  was  caused 
by  slowly  increasing  the  pressure  on  the  driver  side.  Phase  aberra¬ 
tions  caused  by  the  resulting  flow  field  were  recorded  holographi¬ 
cally,  using  a  ruby  laser  pulse.  The  gas  pressure  and  composition 
on  the  two  sides  of  the  diaphragm  and  the  delay  time  between  the 
diaphragm  burst  and  diagnostic  laser  pulse  t*,  were  the  test 
variables. 


The  holograms  of  the  shock  tube  flow  event  were  used  in  a 
sandwich  mode  to  obtain  interf erograms  of  the  medium.  This 
technique  allows  subtraction  of  the  errors  introduced  by  the 
measurement  optics  with  the  help  of  a  baseline  hologram  of  the 
evacuated  shock  tube  sandwiched  onto  the  event  hologram.  Similar 
in  principle  to  double  exposure  holographic  interferometry,  the 
technique  has  the  additional  advantage  that  the  interferogram  can 
be  examined  under  different  spacing  and  direction  of  the  fringes 
by  relative  motion  of  the  two  holograms,  which  permits  a  better 
evaluation  of  the  phase  aberrations  and  the  OPD  function. 

EXPERIMENTAL  RESULTS 

Figure  3  shows  three  interferometric  reconstructions  of  a 
holographic  record,  made  at  different  fringe  spacings  for  a  case 
of  beam  duct  at  a  very  low  pressure.  The  driver  contained  Helium 
at  about  1.2  atm  driving  into  about  0.5  torr  of  Helium.  The  three 
pictures  correspond  to  infinite  fringe,  coarse  fringe  and  fine 
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fringe  interf erograms .  There  is  some  crowding  of  fringes  close  to 
the  shock  tube  walls,  possibly  due  to  boundary  layer  effects 
which  are  not  essential  aspects  of  the  window,  as  discussed  later. 
The  central  2"  diameter  circular  portion  of  the  3.5"  shock  tube 
aperture  appears  to  be  relatively  distortion-free.  The  flowfield 
in  this  medium  includes  a  shock  wave  of  Mach  No.  2.8  and  expansion 
waves,  none  of  which  are  apparent  since  they  are  almost  parallel 
to  the  plane  of  the  picture.  The  perturbations  observed  are  mostly 
due  to  the  turbulent  contact  interface  and  the  wall  layers.  The 
time  corresponds  to  about  0.8  ms  after  the  diaphragm  burst  is 
initiated.  Densitometric  evaluation  of  this  and  similar  interf ero¬ 
grams,  performed  at  the  Perkin  Elmer  Co.,  yielded  (AX/X)rms  =  0.02 
for  the  central  2"  circular  region  after  subtraction  of  tilt  and 
focus.7 


Figure  3.  Sandwich  interf erograms  of  axial  shock  tube  flow, 
(P4/PI)  >  103,  p.  =  1.22  atm.  He.,  Single  event, 
t*  =  0.8  ms. 


Figure  4  shows  the  time-development  of  the  shock  tube  OPD 
pattern  with  a  sequence  of  interferograms  made  in  air  with  the 
same  gas  pressures  as  above.  Here  the  slower  sound  speed  in  air 
allows  more  freedom  in  timing  th~  ruby  pulse  and  also  the  large 
refractive  index  makes  the  measurement  far  more  sensitive. 

Evidently  the  optical  quality  of  the  medium  in  the  central 
region  improves  with  time,  except  in  the  last  frame  where  the  shock 
wave  was  reflected  from  the  end  of  the  shock  tube.  A  transverse 
diffraction  wave  caused  during  the  reflection  is  seen  in  the  pic¬ 
ture.  Also,  strong  light  scattering  is  observed  outside  the  aper¬ 
ture,  probably  indicating  that  the  reflected  shock  wave  has 
interacted  with  the  turbulent  contact  surface  and  intensified  its 
optical  inhomogeneities. 

Clearly  the  central  picture  on  the  bottom  row  provides  the 
best  optical  quality.  In  the  central  2"  region  of  the  3.5"  aper¬ 
ture  the  maximum  optical  path  perturbation  is  estimated  to  be 
about  +  hX.  The  time  for  this  picture,  when  scaled  with  the  wave 
velocity  and  the  shock  tube  dimensions,  is  equivalent  to  the  time 
for  the  pictures  in  Helium,  Figure  3.  Accounting  for  the  different 
refractive  indices,  1  X  in  air  corresponds  to  0.12  X  in  He  making 
these  results  in  air  consistent  with  the  results  obtained  in  He 
(Figure  3 ) . 
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Figure  4.  Sequence  of  interf erograms  for  tests  in  air 
with  different  time  delays;  p4/p^>103, 

P4  =  1.22  atm.  Top:  t*  =  1.0  and  1.2  ms. 
Bottom:  t*  =  1  5,  1.8  and  2.2  ms. 


Tests  were  also  made  for  the  case  of  a  beam  duct  at  intermediate 
pressures.  Here  He  at  1.76  atm  was  used  in  the  driver  and  91.5%  He 
with  8.5%  N2  at  0.59  atm  in  the  driven  section  (p4/p^)=  3.3.  This 
gas  mixture  was  selected  to  match  the  index  of  the  driver  gas  after 
both  driver  and  driven  gases  are  processed  by  the  shock  tube  waves. 
The  shock  Mach  No.  is  roughly  1.3.  Delay  times  as  long  as  t*=2.4 
ms  were  examined.  The  optical  quality  in  the  2"  central  portion 
of  the  window  was  even  better  in  this  case  as  compared  to  the  large 
pressure  ratio  cases  (P4/P1  >  10^) ,  indicating  that  the  shock  tube 

field  can  have  a  good  optical  quality  for  a  wide  range  of  pressure 
ratios. 


Significant  degradation  of  the  optical  quality  is  observed 
next  to  the  shock  tube  walls  throughout  this  simulation.  The 
observed  variations  in  the  optical  density  in  these  regions  do  not 
correspond  to  the  shock  tube  flows.  The  thermal  boundary  layers 
on  the  shock  tube  walls  are  typically  very  thin  (=1  mm) .  In 
comparison,  the  observed  wall  layers  are  always  much  thicker  (=1 
centimeter  or  more,  generally) .  Interf erograms  of  the  shock  tube 
without  a  diaphragm  being  pressurized  in  the  same  way  as  the  driver 
section  is  during  a  regular  test,  show  density  gradients  next  to 
the  tube  walls  which  bear  a  striking  resemblance  to  the  effects 
observed  in  the  data.  Here  the  gas  in  the  tube  was  compressed 
adiabatically ,  except  near  the  walls,  where  the  change  in  gas 
temperature  results  in  thermal  conduction  to  the  shock  tube  walls. 
Evidently,  this  aspect  of  the  data  is  an  artifact  of  the  method 
used  for  bursting  the  diaphragms  and  is  not  an  essential  feature 
of  the  shock  tube  flowfield  or  of  the  pulsed  aerodynamic  window. 

It  will  be  eliminated  if  the  driver  gas  can  be  allowed  to  come  to 
equilibrium  with  the  walls  before  bursting  the  diaphragm  by  a 
trigger  mechanism. 


ANALYSIS  AND  SCALING  OF  TEST  RESULTS 

The  properties  of  the  inviscid  gas  flow  in  a  shock  tube  are 
independent  of  scale  when  the  spatial  and  time  coordinates  and 
the  dependent  and  initial  gas  properties  are  properly  normalized. 
Dimensional  analysis  of  the  flowfield  shows  that  any  gas  property 
"A”  is  uniquely  determined  as  a  function  of  the  scaled  space-time 
variables,  with  parametric  dependence  on  the  normalized  initial 
conditions,  in  the  following  form 


/- 
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1641  When  the  shock  tube  is  used  as  an  aerodynamic  window  its  most 
critical  property  is  the  variation  in  the  axial  optical  path  lengths 
across  the  tube  cross-section  or  window  aperture.  The  relative 
change  of  optical  path  lengths  across  the  window  aperture  in  the 
(y,z)  plane,  referenced  to  any  point  (y o,zQ)  and  at  anY  ti-me  can 
be  written  as 


AX (y, z ,  t) 


-i- 

-/[ 


3(x,y,z,t)  -  6(x 


■w1'] 


dx 


where  x  is  aligned  with  the  tube  (window)  axis  and  3  is  the  local 
index  of  refraction  minus  1.  After  normalization,  the  optical 
path  difference  (OPD)  function  can  be  written  as 


Now  since  3/3^  is  an  invariant  for  properly  scaled  devices  (identi¬ 
cal  normalized  initial  conditions  and  spatial  and  time  variables) , 
AX/DB4  -*-s  also  invariant. 

Thus,  given  two  pulsed  aerodynamic  windows  of  different  scales 
but  with  identical  initial  conditions,  the  normalized  OPD  function 
will  be  identical  for  the  two  windows  provided  they  are  geometri¬ 
cally  similar  and  the  time  is  scaled  with  the  characteristic 
acoustic  period  of  the  device.  It  should  be  noted  that  in  the 
pulsed  window  typically  14/^  =  1.  Additionally  (3/34)  depends 
only  weakly  upon  Y4  and  for  cases  of  interest.  Thus 

(AX/D34) ,  which  is  the  scale  invariant  performance  parameter, 
becomes  mainly  a  function  of  the  pressure  ratio  (P4/P1) .  Also 
note  that  the  similarity  is  further  contingent  on  the  diaphragms 
having  the  same  dynamic  behavior  for  the  cases  being  compared. 

It  can  be  shown,  however,  that  if  p4  and  p^  are  the  same,  and  so 
are  the  gas  composition  and  diaphragm  material,  the  rupture  and 
overall  dynamic  behavior  of  the  diaphragm  will  be  similar. 

Typical  test  conditions  and  test  results  are  presented  here  in 
Table  1.  Included  in  the  table  are  two  tests  with  a  large  pressure 
ratio  (one  using  He  and  the  other  air) ,  and  one  test  for  a  small 
pressure  ratio  (with  He  in  the  driver  and  index  matched  He/N2  mix 
in  the  driven  section).  The  full  window  aperture  (D=8.9  cm)  was 
used  in  the  performance  evaluation,  assuming  that  the  deleterious 
wall  layers  can  be  completely  eliminated  with  externally  triggered 
diaphragms. 


The  window  beam  quality  was  calculated  using  the  Marechal 
approximation  (BQ  »  exp  %  [(A<J>T»Mg)  *])  forA(|>_MQ  $  0.5,  whereas  an 
actual  "power  in  the  bucket"  calculation  was  performed  for  cases 
with  >  0.5, using  the  digitized  tilt  and  focus  corrected 

phase  fronts  derived  from  the  interferograms.  Note  that  despite 
the  drastic  changes  in  window  gas  compositions  and  pressure  ratios, 
the  changes  in  the  normalized  OPD,  the  major  performance  parameter, 
are  rather  small,  ranging  from  2.5  to  4  x  10-5.  This  variation 
may  be  caused  by  the  change  in  the  normalized  pulse  delay  time, 
t*a*/D,  as  much  as  by  the  change  in  initial  conditions.  The  tests 
performed  were  not  sufficiently  extensive  to  trace  the  source  of 
this  performance  variation. 
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Table  1. 


TEST 

CONDITIONS 


MEASURED 


Simulation  of  Aerodynamic  Windows 
Summary  of  typical  pulsed  aerodynamic 
window  test  results 


D(CM) 

Driver  Gas 
P4  (atm) 

Duct  Gas 
(atm) 
t*  (msec) 
a4 (m/sec) 

X  (ym) 

t*a4/D 

(AX/X)p_p 
(AX/X)  J^g 

A*RMS(rad) 

BQ(at  X  - 
0.694  ym) 


6.9 

8.9 

6.9 

He 

Air 

He 

1.22 

1.22 

1.76 

He 

Air 

91 . 5He/8 . 5N; 

1 

0 

iH 

IQ"3 

0.59 

0.8 

1.8 

2.4 

1025 

344 

1025 

0.694 

0.694 

0.694 

4.4  x  10“5 

3.6  x  10‘4 

6.3  x  10~5 

9.22 

6.97 

27.5 

0.1 

1.0 

0.06 

0.02 

0.2 

0.02 

0.13 

1.25 

0.13 

1.01 

2.2 

1.01 

3.5  x  10-3 

4.3  x  10-3 

2.5  x  10~3 

SCALE 

INVARIANT 

PERFORMANCE 

PARAMETER 


Table  2  shows  projections  for  pulsed  aerodynamic  window 
performance  in  an  ICF  system  based  on  our  shock  tube  test  results. 
Two  candidate  ICF  laser  drivers  are  considered:  the  C02  and  KrF 
lasers.  Typical  laser  properties  and  gas  mixes  for  these  two 
lasers  are  presented  in  the  table.  For  the  purpose  of  this 
performance  evaluation  it  was  assumed  that  the  beam  duct  connec¬ 
ting  the  laser  to  the  reactor  chamber  will  be  under  low  pressure 
(p.  a  10“3  atm) ,  and  therefore  only  high  pressure-ratio  windows 
were  considered.  Two  window  apertures  were  used  in  this  evalua¬ 
tion  for  each  laser  candidate:  a  typical  small  aperture  (D=10  cm) 
window,  which  would  require  partial  focusing  of  the  laser  beam 
before  transmission  through  the  window,  and  a  typical  large  aper¬ 
ture  (d=100  cm)  window,  which  matches  the  laser  output  aperture 
and  hence  requires  no  beam  contraction. 

The  windows  in  the  ICF  system  are  assumed  to  be  geometrically 
similar  to  the  window  tested  in  our  experiments,  and  a  relatively 
low  value  of  10  was  assumed  for  the  normalized  pulse  delay  time, 
t*a4/D  (t*  being  the  window  rupture  to  laser  beam  transmission 
delay  time),  to  minimize  the  length  of  the  window  (Lj  and  L4) . 
Although  the  C02  and  KrF  gas  mixes  were  not  simulated  in  our 
experiments,  it  was  assumed  that  the  gas  composition  will  not  have 
a  major  effect  on  the  normalized  performance  parameter,  AX^g/Df^, 
and  a  conservative  value  of  4  x  10”^  was  used  for  the  performance 
projections,  based  on  our  experiments. 

The  predicted  OPD  for  the  ICF  lasers,  in  terms  of  (AX/XJjy^g, 
can  now  be  determined  from  the  scale-invariant  performance  para¬ 
meter,  AXjy4s/D64,  and  the  scale  factor  D34/X.  The  phase  varia¬ 
tions  and  beam  quality  of  the  transmitted  beam  can  be  evaluated 
by  the  same  procedure  used  for  Table  1 . 

Included  in  Table  2  are  the  beam  quality  requirements  for  an 
ICF  laser  system.  To  generate  these  requirements  it  was  assumed 
that  1  mm  diameter  fusion  targets  will  b~-  used,  that  the  beam 
focusing  elements  will  have  a  10  m  FL,  and  that  the  beam  aper- 
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Table  2.  Projections  of  pulsed  aerodynamic  window  performance 


for  two  candidate  ICF  laser  systems. 


Laser 

CO 

KrF 

X(lH»> 

10.6 

0.25 

Laser  Mix 

He/Nj/COj  - 

706/. 059/. 235 

Ar/Kr/Fj  -  .95/. 045/. 005 

WINDOW 
PARAMETERS 
FOR  ICF 

"4 

S4 

14 

1. 354 

82 

IO-4 

41.92 

2.613  x  IO-4 

LASERS 

Driver  Mix 

He/N,/Ar  -  . 564/. 405/. 031 

Ar/Kr  -  .9547/. 0453 

A4 

1 

497 

1.6576 

a4 (m/s) 

501 

85 

314.05 

P4(atm) 
p^  (atm) 

1.0 

io-2 3 

1.0 

10"3 5 

D(cm) 

10 

100 

10 

100 

(p4/pi> 

103 

10J 

10J 

10J 

<t*a4/D) 

10 

10 

10 

10 

WINDOW 

INVARIANTS 

(L4/D) 

10 

10 

10 

10 

(L1/D) 

(iX/°6 74>RMS 

25 

25 

25 

25 

4  X  10"3 

4  X  10'3 

4  x  IO-3 

4  X  10~3 

SCALE 

FACTOR 

(DB4/X) 

1.28 

12.8 

104.5 

1045 

ux/x)rms 

0.0051 

0.051 

0.418 

4.18 

PERFORMANCE 

PREDICTIONS 

''♦nMS(r<,d) 

0.032 

0.32 

2.62 

26.2 

BQ 

1.0005 

1.052 

8.0 

104 

re? 

REQUIREMENTS 

BQ 

1.0 

4 

16 

106 

ture,  before  it  is  focused,  is  equal  to  the  window  aperture. 

The  projected  performance  of  the  pulsed  windows  is  clearly 
within  the  requirements  of  the  ICF  systems  considered  here. 

CONCLUSIONS 

A  concept  for  a  pulsed  aerodynamic  window  which  is  compatible 
with  the  laser  driven  ICF  Single  Pulse  Test  Facility  was  developed 
and  tested.  Test  results,  when  used  in  conjunction  with  similarity 
and  scaling  arguments,  show  that  the  performance  of  such  windows 
will  meet  and  surpass  the  ICF  system  requirements. 
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VELOCITY  MEASUREMENTS  OF  INCIDENT  AND  REFLECTED  SHOCK 
WAVES  IN  VARIOUS  GASES  AND  IN  SATURATED  WATER  VAPOUR 

W.Garen,  K.Brudi,  G.Lensch 
Fachhochschule  Wedel,  Germany 


Velocity  measurements  of  incident  and  reflected 
shock  waves  have  been  performed  by  a  four-beam- 
laserinterferometer .  The  beam  distance  for  run¬ 
time  determination  was  only  3.3  mm,  thus  insuring 
an  instantaneous  velocity  measurement  obtained 
by  shock-shock  reflection  (ideal)  and  by  end  wall 
reflection  (real) .  Both  investigations  have  been 
made  in  the  same  &ibe  under  the  same  conditions. 
Noble  gases  show  a 'significant  deviation  of  re¬ 
flected  shock  velocities  between  both  methods 
whereas  complex  gases  like  CCI2F2  are  nearly  un¬ 
effected  by  end  wall  influences.  Condensation 
phenomena  are  also  treated.  Saturated  water  vapour 
has  been  filled  in  a  perpendicular  shock  tube  and 
velocity  measurements  of  incident  and  reflected 
shock  waves  have  been  made.  For  Mach  numbers 
Mil. 65  spontaneous  condensation  at  a  copper  end 
wall  generates  rarefaction  waves,  which  decelerate 
the  reflected  shock. 


INTRODUCTION 


Shock  waves  reflecting  from  a  co-planar  heat  conducting  wall 
are  influenced  by  end  wall  histories.  Several  investigators  have 
studied  such  effects  on  normal  stress,  temperature1,  density2 *3 
and  heat  flux  to  the  wall4.  These  measurements  have  been  made  at 
the  end  wall  plate.  Theoretical  calculations  show  that  besides 
the  above  parameters  the  velocity  of  reflected  shock  waves  is 
also  obviously  influenced  by  energy  exchange,  mass  absorption 
and  boundary  layer  effects  Piva  et.al^  have  measured  density 

profiles  and  velocities  (from  time  marks  on  scope  traces)  of  re¬ 
flected  shocks  for  Mach  numbers  3,4  and  6  and  for  end  wall  dis¬ 
tances  between  0.4  and  26  mm.  Due  to  our  much  smaller  shock  tube 
(40x40  mm2)  >e  prefer  higher  pressures  p^  (38.6  <  p^  <  400  Pa), 
to  prevent  undesired  boundary  layer  effects  for  the  tube  flow 
behind  the  incident  shock.  The  reflected  shock  is  a  ’carrier' 
of  end  wall  histories  and  brings  these  influences  back  from  the 
end  wall.  Thus  it  seems  to  be  useful  to  determine  whether  care¬ 
ful  velocity  measurements  of  incident  and  reflected  shock  waves 
over  very  small  distances  demonstrate  accommodation  effects. 
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This  method  requires  sufficient  space  and  time  resolution  and 
sensitive  instrumentation,  in  particular  for  low  pressures  and 
low  Mach  numbers.  The  main  goal  of  part  I  of  this  paper  is  the 
comparison  of  reflected  shock  velocities  obtained  by  shock-shock 
reflection  and  by  end  wall  reflection.  Both  methods  have  been 
studied  in  the  same  shock  tube  with  similar  experimental  con¬ 
ditions.  Ihrt  II  of  this  paper  deals  in  a  preliminary  way  with 
spontaneous  condensation  -  evaporation  -  phenomena  behind  reflec¬ 
ted  shock  waves  in  saturated  water  vapour. 

Numerical  calculations  of  the  Boltzmann  equation  with  the 
aid  of  the  Krook  model7  show  amongst  other  things  a  decrease  in 
reflected  shock  velocity  if  on  the  end  wall  condensation  occurs 
and  an  increase  in  reflected  shock  velocity  if  the  end  wall  partly 
evaporates . 

For  a  first  check  we  have  set  up  a  perpendicular  shock  tube 
filled  with  saturated  water  vapour  which  is  in  the  state  of  equi¬ 
librium  at  room  temperature.  We  have  used  the  following  'end  walls' 
a  plate  of  copper  or  PVC  and  a  plane  water  surface. 


EXPERIMENTAL 


Apparatus : 


Velocity  measurements  of  reflected  shock  waves  often  show 
an  unacceptable  scatter  caused  by  various  bursting  processes  of 
diaphragms  and  slow  deceleration  effects  for  longer  distances. 
Therefore  the  commonly  used  diaphragm  has  been  replaced  by  a  quick¬ 
ly  opening  valve8.  This  method  has  been  successfully  applied  in 
several  shock  tube  investigations9'10'11. 


The  shock  tube  facility  has  been  described  in  ref. 10.  With 
the  help  of  two  identical  valves  at  both  ends  of  a  shock  tube  we 
have  set  up  a  so-called  'double  shock  wave  tube' .  Velocity 
.  measurements  of  shock-shock  reflections  have  been  presented  in 
1979  (Symp.on  Shock  Tubes  and  Waves,  Jerusalem)10.  The  present 
measurement  have  been  performed  in  the  same  tube  with  a  cross 
section  of  40  x  40  mm^  and  a  length  of  2500  mm. 


Measurement  technique 


Velocities  of  incident  and  reflected  shock  waves  have  been 
measured  by  a  laserinterferometer  in  a  twofold  working  mode.  The 
study  of  shock  wave  velocities  in  rarefied  gases  in  a  wide  range 
of  Mach  numbers  demands  a  highly  sophisticated  measuring  tech¬ 
nique.  A  very  good  temporal  and  spatial  resolution  and  a  high 
sensitivity  (especially  for  low  pressures  and  low  Mach  numbers) 
are  required.  Fig.1  shows  the  arrangement  of  the  interferometer. 
The  basic  device  is  a  two  beam  interferometer  consisting  of  two 
Wollaston  prisms1 2.  The  Wollaston  prism  W2  splits  the  laser  beam 
twice  with  a  separating  distance  of  0.17  mm  (middle  of  shock  tube 
axis).  With  the  aid  of  the  Wollaston  prism  W-|  the  'two  beam  inter¬ 
ferometer'  becomes  a  'double  two  beam  interferometer'  with  a 
distance  of  3. 3  mm,  i.e.  we  have  two  dif ferentialinterferometers 
(each  with  a  beam  distance  of  0.17  mm)  and  both  differential- 
interferometers  have  a  distance  of  3.3  mm.  By  mixing  and  polarizi- 
sing  the  four  beams  and  transforming  them  to  two  interfering  pairs 
we  get  a  difference  signal  from  separate  photodiodes  (PIN-diodes) . 
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Lenses  L  Wollaston -pnsm  W 


Beam  configuration 
3.3  mm 


Fig.  1 

Laser  differential  inter¬ 
ferometer  for  velocity 
measurements . 


The  diodes  are  connected  inversely,  thus  the  sensitivity  is  doubled 
and  disturbances  (laser  power  changes,  vibration)  are  avoided.  It 
should  be  mentioned  that  the  two  lenses  L-|  ,  L2  determine  the  four 
beam  diameters  (at  the  shock  tube  axis)  as  well  as  the  distance  of 
the  two  corresponding  interferometer  beams  (in  this  case  3.3mm). 

The  main  advantages  of  this  arrangement  are: 

(1)  short  measuring  distance  (3.3  mm) 

(2)  good  spatial  and  temporal  resolution 

(3)  high  sensitivity 

(4)  velocity  of  the  incident  and  reflected  shock  wave  is 
measured  with  the  same  arrangement,  thus  the  velocity 
ratio  ur/vi  is  independent  of  measuring  distance  d.^. 


Fig. 2  shows  a  typical  density  trace  with  a  (x,t)  -  diagram 
where  the  x-axis  is  on  a  scale  of  50:1. 


(x,t)-diagrain  X*  d.imjpb 
Tj.294  K 
M,»IS6 

njn  61601/1  m  *0732 


Fig. 2 

Typical  density  trace  with  (x,t) 
diagram  (x-scale  50:1) 
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By  enlarging  the  scope  pictures,  we  have  calculated  the  shock  Mach 
number,  the  velocities  of  the  incident  and  reflected  shock  from 
the  time  intervals  A ti  and  a  t2 .  The  time  interval  At3  has  been 
used  to  estimate  the  position  of  the  end  wall  relative  to  the 
interferometer.  This  can  be  done  with  some  measurements  of  very 
weak  shocks  (Mi <  1 . 1 )  .  In  the  case  of  an  acoustic  wave  (M  =  1 )  the 
incident  and  reflected  shock  wave  have  the  speed  of  sound. 

di  +  a^t 

For  =  1 ,  xM  =  - 2 -  and  we  have  introduced  a  dimension¬ 
less  parameter:  m  =  thus  0. 5 < m  < infinite. 

For  part  I  velocity  measurements  have  been  made  for  the  values  of 
m  =  0.686,  m  =  0.732  and  m  =  1.376  . 


Results  (Part  I) 

Velocity  measurements  of  shock  reflection  by  an  end  wall 
plate  of  aluminium  have  been  performed  with  the  noble  gases 
Ar  ( 1  <  Mi  <  4 . 1 )  ,  Xe  (1<M..<6.4)  and  with  the  polyatomic  gases 

C02  (1  *  M.j  <  5. 4)  and  CC12F2  { 1  <  Mi  <  5 . 2  )  . 


Fig.  3 

Velocity  ratio  as  a 
function  of  Mach  num¬ 
ber  for  Xe  and  Ar. 
(Vp:  reflected  shock 
velocity,  v-| :  inci¬ 
dent  shock  velocity) 
The  parameter  values 
are  the  initial 
pressures  in  Pascal. 
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Fig.  5 

Velocity  ratio  as  a  func¬ 
tion  of  Mach  number  for 


CC12F2- 


Fig.  3,4,5  show  velocity  measurements  of  shock  waves  as  a  function 
of  the  Mach  number  M-j .  The  velocities  are  normalized  by  the  inci¬ 
dent  shock  velocity  v-|  .  The  open  circles  are  results  of  shock  - 
shock  reflection10,  which  have  been  obtained  with  the  'double 
shock  wave  tube'.  In  this  case  the  ’end  wall'  is  formed  by  the 
collision  of  two  equally  strong  shocks  thus  no  end  wall  histories 
occur (' ideal 1  reflection).  Present  results  have  been  obtained  with 
solid  end  wall  plates  of  aluminium  or  plastic  ('real*  reflection). 
Differences  between  ideal  and  real  reflection  are  caused  by  end 
wall  influences. 


The  main  results  are  as  following: 

Velocity  measurements  of  Xe  and  Ar  (especially  Xe)  depend  on 
measuring  position  of  the  interferometer  (parameter  m)  in  a  cer¬ 
tain  Mach  number  range  2 . 5  <  M-|  <6  (fig.  3).  This  dependence  was 
not  observed  for  'ideal'  reflection.  For  instance  in  the  case  of 
’real'  reflection  a  small  displacement  of  4  =  0.15  mm  (m=0.686 

to  m=0.732)  changes  the  normalized  velocity  vr/v-|  by  a  maximum 
amount  of  18%  for  a  fixed  Mach  number  of  M-|  =5.  On  the  other 
hand  a  displacement  of  xM  =  3  ran  (m=1.376  to  m=1.41)  doesn't 
change  the  reflected  shock  velocity.  This  significant  change  of 
velocity  appears  mainly  related  to  the  ionisation  of  Xenon  behind 
the  reflected  shock  wave1 14, 


When  this  paper  was  submitted  for  presentation  it  was  ex¬ 
pected  that  numerical  calculations5  (one  -  parameter  accommodation 
coefficient)  would  be  available  at  the  time  of  the  Symposium  to 
verify  the  experimental  results  above.  Unfortunately  it  was  not 
possible  to  present  calculations  which  take  into  account  the  shock 
deceleration  by  ionisation. 

Our  measurements  for  CO2  and  CCI2F2  are  almost  independent 
of  displacement  m.  For  CO2  there  is,  similarly  as  for  noble  gases, 
an  increasing  velocity  difference  between  'ideal'  and  'real'  re¬ 
flection  (fig. 4),  whereas  in  the  case  of  CCI2F2  no  difference  is 
observed. 


Experimental  (Part  II) 

A  perpendicular  shock  tube  has  been  set  up  for  an  investi¬ 
gation  of  the  phenomena  of  condensation  and  evaporation.  Tube  and 
equipment  are  the  same  as  that  mentioned  in  part  I. 
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Because  of  the  relatively  high  initial  pressures  we  have  connected 
a  cookie  cutter  made  of  glass (i.d.  17  mm)  to  the  end  of  the  shock 
tube.  Various  'end  walls'  (copper,  plastic,  liquid)  can  be  used 
for  shock  wave  reflection.  Initially  the  shock  tube  has  been 
filled  with  saturated  water  vapour.  This  vapour  has  been  obtained 
from  destillated  water  being  thoroughly  degassed  in  advance. 

For  this  system  we  have  measured  the  incident  and  reflected 
shock  wave  velocities  for  end  walls  of  copper  and  plastic.  Being 
dependent  on  temperature  the  pressures  p-j  where  in  the  range 
1064 <  pi  <3325  Pa.  For  driver  gas  we  have  used  hydrogen  up  to 
19.8  kPa  providing  Mach  numbers  1 <  Mi  <  2 . 5  . 

In  a  second  test  the  solid  end  wall  has  been  replaced  by  a 
plane  water  surface  in  order  to  obtain  aprobable  spontaneous  eva¬ 
poration  behind  the  reflected  shock  wave.  Since  the  measurements 
were  to  take  place  immediately  at  the  water  surface,  the  surface 
tension  had  to  be  avoided. 

Therefore,  after  having  moistened  the  inner  surface  of  the 
cookie  cutter  with  a  solution  of  silicon  oil  (2%)  and  methanol,  we 
have  baked  the  cookie  cutter  for  24  hours  at  a  temperature  of 
523  K.  Different  liquid  surface  positions  (parameter  m)  can  be 
chosen  by  varying  the  level  of  a  small  container  (communicating 
tubes) .  With  the  help  of  a  TV  camera  the  exact  position  of  the 
interferometer  in  relation  to  the  water  surface  has  been  measured. 


Results: 

In  the  same  manner  as  in  part  I  we  have  measured  the  veloci¬ 
ties  of  incident  and  reflected  shock  waves  as  a  function  of  inci¬ 
dent  Mach  numbers.  For  Mach  numbers  Mi <  1.65  and  saturated  water 
vapour  the  measured  values  are  identical  with  those  of  the  poly¬ 
atomic  gas  CH4,  which  has  the  same  heat  capacity  and  sound  velocity 
as  water  vapour. 

For  Mach  numbers  Mi  >  1.65  there  is  a  sudden  decrease  of  re¬ 
flected  shock  velocity  (fig. 6)  and  an  increase  of  scatter. 


Fig. 6 

Reflected  shock  velocity  normalized 
by  the  incident  shock  velocity  as  a 
function  of  the  Mach  number  for 
different  end  walls1  in  saturated 
water  vapour. 


At  the  cold  end  wall  plate  (copper) ,  condensation  of  water  vapour 
occurs  causing  rarefaction  waves  which  decelerate  the  reflected 
shock  wave. 
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For  M-|  >  1.65  these  rarefaction  waves  overtake  the  reflected  shock 
(fixed  interferometer  position  m=0.5)  effecting  the  deceleration. 
Fig. 7  shows  the  density  pulses  of  the  incident  and  reflected  shock 
wave  as  well  as  first  rarefaction  waves. 


HjO-  vapour 


Fig.  7 

Density  trace  in  satura¬ 
ted  water  vapour  with 
first  rarefaction  waves 
(small  pulses  at  the 
right  side  of  the  figure) 


In  order  to  prove  the  above  assumption,  and  to  exclude  the  ob¬ 
served  rarefaction  waves  coming  from  the  driver  section,  corres¬ 
ponding  measurements  with  the  same  pressures  have  been  done  with 
methane  (a1  (H20)  =  a^CH^);  cp/cv(H20)  =  cp/cv(CH4)).  Fi9*6  shows 

good  agreement  between  water  vapour  and  methane  for  Mi  <1.6.  For 
a  further  check, we  decreased  the  initial  pressure  pi  to  get  un¬ 
saturated  water  vapour  (the  vapour  behaves  like  a  real  gas)  to 
reduce  or  avoid  condensation.  The  open  circles  in  fig. 6  are 
measurements  which  show  the  increasing  reflected  shock  velocities 
as  a  result  of  decreasing  initial  pressures  Pi .  A  few  measurements 
have  been  made  in  saturated  water  vapour  with  a  liquid  'end  wall' 
of  water.  The  measured  reflected  velocities  are  all  smaller  com¬ 
pared  to  those  obtained  with  solid  end  walls. 


Fig. « 

Density  tra.es  with  in¬ 
creasing  initial  pressures 
causing  a  deceleration  of 
the  reflected  shock  wave 
by  rarefaction  waves. 

Fig. 8  demonstrates  condensation  effects  for  a  nearly  constant  Mach 
number  Mi  and  different  initial  pressures  pi .  With  increasing 
pressure  pi  rarefaction  waves  travel  with  increasing  velocities 
behind  the  reflected  shock  and  eventually  overtake  it. 
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Fig.  9 

Normalized  density  calculations  as  a 
function  of  the  normalized  distance 
from  the  end  wall  with  a  dimension¬ 
less  parameter  of  time. 

(condensation:  «r<1 
•ideal’  ref lection:  <<  =  1 
evaporation:  aC  >  1 ) 

Fig. 9  shows  numerical  results  with  the  model  of  ref. 7  for  the  Mach 
number  M-]  =  3.  Two  parameters  besides  the  Mach  number  can  be 
varied.  The  ratio  of  the  critical  temperature  normalized  by  the 
initial  temperature  which  is  called  Tcr  and  the  ratio  of  the 
incident  and  the  reflected  mass  flux  to  and  from  the  wall.  For  a 
value  of  c*'  <  1  condensation  (or  absorption)  occurs  and  for  <<-  >  1 
the  end  wall  partly  evaporates.  In  the  case  of<C=  1  the  incident 
shock  will  be  reflected  without  e..J  wall  influences  (ideal  reflec¬ 
tion)  .  The  dimensionless  parameter  Tqr  acts  as  a  threshold  value. 


For  instance  in  a  two  -  phase  -  system  (vapour  and  liquid 
end  wall'  of  water)  values  of  TCr  »  1  and  <=<T  >1  are  conditions 
for  evaporation  behind  reflected  shock  waves.  Spontaneous  evapo¬ 
ration  behind  reflected  shock  waves  are  relatively  unprobable  for 
small  Mach  numbers: 

1 .  The  pressure  increase  is  much  higher  than  the  temperature  in¬ 
crease  of  the  vapour. 

2.,  The  temperature  of  the  'end  wall'  water  will  differ  little 
from  the  initial  temperature. 

On  the  other  hand  condensation  will  be  favoured  due  to  the  above 
assumptions.  Therefore  we  have  chosen  the  following  conditions 
in  the  case  of  shock  wave  reflection  in  saturated  vapour: 


Tcr  =  i  m1  =  3  c*r=  0.6,1,10 

The  development  of  the  velocity  of  the  reflected  shock  wave 
depending  on  the  value  of<<is  especially  interesting  (fig. 9).  Con¬ 
densation  decelerates  the  reflected  shock  («xT=  0.6)  and  evaporation 
accelerates  it  (  eC  =  10) . 


CONCLUSIONS 

Velocity  measurements  for  the  cases  of  ideal  and  real  re¬ 
flection  show  increasing  deviations  with  increasing  Mach  numbers 
as  a  result  of  end  wall  influences.  Careful  velocity  measurements 
at  different  positions  in  front  of  the  end  wall  plate  give  more 
information  about  the  end  wall  histories  and  the  influences  on 
reflected  shock  velocity  in  the  boundary  layer.  The  results  with 
Xenon  show  a  non  uniformity  in  reflected  shock  velocity  at  a 
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distance  of  about  3  mm  (m=1.41)  in  front  of  the  end  wall.  This  non 
uniformity  is  probable  caused  by  the  ionisation  of  Xenon. 

The  reflected  velocity  of  CCI2F2  i-s  equal  for  both  reflection  pro¬ 
cesses,  thus  there  is  apparently  no  energy  exchange  at  the  end 
wall  for  such  complex  gases.  In  all  cases  of  solid  end  wall 
measurements  no  differences  in  reflected  velocities  between  alu¬ 
minium,  copper  and  PVC  -  plastic  have  been  observed. 

Reflected  shock  waves  in  saturated  vapours  can  be  influenced 
by  condensation  phenomena.  Preliminary  results  show  a  strong  effect 
on  the  reflected  shock's  deceleration  when  it  is  overtaken  by 
rarefaction  waves. 

A  model  which  specifically  takes  into  account  end  wall  and 
boundary  layer  influences  as  well  as  the  inner  degrees  of  freedom 
would  be  very  useful  for  the  theoretical  interpretation  of  reflec¬ 
ted  shock  velocity  measurements. 

This  model  should  also  include  condensation  and  evaporation 
effects  in  case  they  occur. 
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Previous  experimental  work  has  found  that  under  certain 
conditions  non-planar  shock  fronts  and  non-uniform  test 
slugs  occur  in  shock  tubes,  and  suggests  that  in  some 
instances  a  Raylcigh-Taylor  instability  at  the  contact 
surface  is  related  to  real  gas  effects  of  the  test  gas. 

For  this  reason  an  extension  is  made  of  an  analysis  due  to 
Levine  that  considers  contact  surface  leakage  when  embedded 
in  the  relaxation  region.  Also,  to  elucidate  the  effect  of 
the  post  shock  boundary  layer  on  possible  contact  surface 
instability,  a  modification  of  Mirels1  boundary  layer 
entrainment  theory,  to  take  into  account  Levine-type  mixing 
across  the  contact  surface,  is  discussed.  Experiments  to 
determine  shock  shape,  test  sample  uniformity  and  test  slug 
length  are  carried  out  with  the  use  of  time  resolved 
differential  interferometry  and  streak  shadowgraphy  for 
Ar/SF6  test  gas  mixtures^-.  The  experimental  results  suggest 
that  the  observed  flow  noti-uniformities  depend  only  weakly 
on  the  conditions  across  the  contact  surface  but  depend 
strongly  on  test  slug  conditions. 


h 

*' 
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INTRODUCTION 

Distorted  shock  fronts  and  non-uniform  test  slugs  have  often  been 
observed  in  shock  tubes.  Cloupeaul  showed  that  under  certain  conditions 
in  an  electromaanetically-driven  tube  the  driver  gas  did  not  separate 
from  the  test  gas  to  form  a  well  defined  contact  surface.  Evidence  obtained 
by  Kelly  and  Besse2  and  Levine^  using  pressure-driven  tubes  suggested  that 
this  was  due  to  the  presence  of  a  Rayleigh-Taylor^  instability.  In  addition 
Emery  and  Ashurst^  reported  non-planar  shock  fronts  and  non-uniform  test 
slugs  for  the  heavy  test  gases  SF6  and  C4F  in  an  explosively-driven  shock 
tube. 


In  an  attempt  to  understand  the  cause  and  nature  of  test  slug  non¬ 
uniformities  and  shock  front  distortions  in  a  free-piston  shock  tube, 
experiments  were  carried  out  with  Ar/SF6  test  gas  mixtures,  under  conditions 
favourable  to  Rayleigh-Taylor  instability  across  the  contact  surface,  in 
the  large  shock  tube  facility,  T36,  by  Maddever  and  Hornung?.  Experiments 
using  pure  SF6  test  gas  produced  non-planar  shock  fronts  followed  by 
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non-uniform  test  samples.  The  addition  of  sufficient  Argon  to  the  test  gas 
produced  planar  shocks  followed  by  comparatively  uniform  test  slugs,  thus 
suggesting  the  presence  of  a  Rayleigh-Taylor  instability  at  the  contact 
surface.  Because  the  T3  facility  did  not  allow  observation  windows  to  be 
mounted  flush  with  the  circular  cross-section  inner  wall,  a  square  inner- 
cross-section  shock  tube  was  constructed  and  incorporated  into  the  smaller 
free-piston  shock  tube  facility,  T28.  The  square  section  tube  allowed 
windows  to  be  mounted  flush  with  the  inner  wall,  thus  enabling  the  shock 
tube  flow  to  be  visualised  without  being  affected  by  area  changes.  These 
latter  experiments  undertaken  by  the  present  authors  employed  streak- 
shadowgraphy  for  visualisation  of  the  shock,  the  test  slug,  and  an  apparent 
mixing  front  which  separated  the  pure  test  sample  from  a  turbulent  region  in 
which  the  driver  and  test  gas  are  mixed.  These  experiments  confirmed  that 
pure  SF6  test  gas  produced  distorted  shocks  and  non-uniform  test  samples. 
However  the  addition  of  only  small  quantities  of  Argon  produced  a  planar  shock 
front  and  a  comparatively  uniform  but  short  test  slug.  The  use  of  the  heavy 
noble  gas  Xenon  as  the  test  gas  produced  planar  shocks  and  very  uniform  test 
samples  thus  suggesting  that  real  gas  effects  were  contributing  to  the 
instabilities  in  the  Ar/SF6  case.  For  this  reason  Levine's  analysis  has  been 
extended  to  take  into  account  the  vibrational  and  dissociative  relaxation 
behind  the  Ar/SF6  shock  fronts.  In  addition,  an  analysis,  to  take  into 
account  the  acceleration  field  associated  with  boundary  layer  mass  entrainment, 
has  been  used  in  an  attempt  to  determine  the  contribution  of  the  boundary 
layer  to  instabilities  at  the  contact  surface.  However  both  these  theories 
were  found  to  be  inadequate  in  predicting  the  separation  of  the  mixing  front 
from  the  shock  wave. 

THEORY 

Levine  assumes  that  the  contact  surface  is  a  mixing  front  followed  by  a 
region  in  which  the  turbulent  driver  gas  and  test  gas  mix.  Such  a  mixing  zone 
can  begin  during  the  shock  formation  process  as  discussed  by  White^.  Levine 
suggests  that  this  mixing  zone  consists  of  "blobs"  of  mixture,  different  blobs 
having  different  gram  fractions,  a,  of  driver  gas.  Figure  1  shows  the  varia- 


Figure  1(a) 


Figure  1(b) 


tion  of  the  mixture  density  p(a)  on  the  driver  gas  gram  fraction  a  for  two 
different  experimental  conditions.  In  both  situations  there  exists  a 
particular  value  of  a  for  which  the  resultant  mixture  has  a  minimum  density 


the  test  slug  if  a  favourable  "pseudo-gravitational"  field  exists.  Note  that 
according  to  figure  1(b)  such  a  Rayleigh-Taylor  instability  is  possible  even 
if  the  pure  driver  gas  is  more  dense  than  the  pure  test  gas  provided  that 
sufficient  mixing  occurs. 
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Levine  considers  the  motion  of  a  blob  at  density  Pm-jp  when  the  contact 
surface  experiences  deceleration  on  receding  from  the  shock  through  the 
relaxation  zone  in  ionizing  Argon  and  suggests  a  criteria  for  when  the 
resulting  mixing  front  will  not  separate  from  the  shock.  In  the  present 
experimental  work  temperatures  are  too  low  to  cause  ionisation.  However 
SF6  has  a  large  number  of  vibrational  energy  levels  which  can  be  excited  at 
low  temperatures  and  a  vibrational-dissociative  relaxation  zone  exists  behind 
the  shock.  Thus  a  deceleration  field  analagous  to  that  considered  by  Levine 
can  be  present  in  this  case.  The  presence  of  a  boundary  layer  behind  the 
shock  may  be  a  further  source  of  contact  surface  deceleration  through  the 
process  of  mass  entrainment.  To  elucidate  which  (if  either)  of  the  two 
possible  sources  are  contributing  to  the  experimentally  observed  instabilities 
both  possibilities  were  investigated  theoretically.  The  case  for  boundary 
layer  mass  entrainment  is  considered  first. 

According  to  Mirels  and  MullenslO  the  density  variation  due  to  mass 
entrainment  by  the  boundary  layer  behind  the  shock  is  small  compared  to  the 
variation  in  flow  velocity.  Mirels^  therefore  suggests  that  if  the  growth 
in  the  thickness  of  the  boundary  layer  with  distance  from  the  shock  can  be 
described  by  a  power  law,  then  the  velocity  profile  will  be  as  given  in  shock- 
fixed  coordinates  by 

u2(x)  =  u2(o)  [1  -(-p-)  ]  ...(1) 

xm 

where  n  =  1/2  for  a  laminar  boundary  layer  and  n  =  1/5  for  the  turbulent  case. 
xm  is  the  distance  at  which  the  post  shock  free  stream  velocity,  u2,  becomes 
stationary  when  the  total  mass  flux  is  accommodated  through  the  boundary  layer 
(xm  therefore  corresponds  to  the  maxi  nun  possible  separation  of  the  shock  and 
contact  surface).  The  contact  surface  recedes  from  the  shock  at  velocity  u2 
which  according  to  equation  (1)  changes  with  separation  so  that  the  fluid  in 
the  contact  surface  reference  frame  experiences  a  "pseudo-gravitational"  field 

g  =  -  du2(xc)/dt, 


where  xc  is  the  separation  of  the  shock  and  contact  surface.  Blobs  of  gas  at 
density  pmjn  travelling  with  the  contact  surface  will  be  buoyant  in  the 
presence  of  this  field  and  propelled  from  the  contact  surface  into  the  test 
gas.  Assuming  that  the  buoyant  gas  acts  like  a  rigid  sphere  of  sufficiently 
small  size  so  that  viscosity  is  unimportant  it  is  possible  to  arrive  at  an 
equation  of  motion.  Following  Batchelor^  for  the  present  case  we  find. 


dW  _  ,  du2(xb> 

dt-*  =  k  dt  ’ 


...(2) 


3R 

where  R  =  P2/Pmin»  k  =  p+R  »  xb  is  the  Position  of  the  sphere  and  uk  its 
velocity.  Because  the  assumption  of  incompressible  flow  is  valid  (see 
ref.  11)  it  is  possible  to  integrate  with  respect  to  x  for  steady  flow  and 
constant  R  with  the  initial  condition 

ub(o)  =  u2(o) 


to  give 

ubz(xb)  -  u22(o)  =  k  [uz2(xb)  -  u22(o)]  ...(3) 

For  the  situation  where  the  sphere  becomes  sufficiently  deformed  to  conform 
with  the  enveloping  streamlines,  the  buoyant  gas  may  be  considered  to  behave 
like  a  continuum  in  which  case  that  k  is  replaced  by  R.  It  is  important  to 
note  that  a  difference  exists  between  the  equation  of  motion  obtained  by 
Levine  and  that  due  to  Batchelor.  In  part  this  can  be  traced  to  the  fact  that 
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Levine  has  neglected  the  virtual  mass  of  the  buoyant  sphere  and  to  the  use  of 
different  integration  paths. 


We  assume  that  xb  becomes  the  new  test  slug  length  in  the  presence  of 
this  Rayleigh-Taylor  instability.  Further  when  ub  becomes  zero,  we  assume 
that  the  total  flux  of  buoyant  gas  is  accommodated  through  the  boundary  layer 
and  the  value  of  Xb  at  which  this  occurs  becomes  the  new  maximum  test  slug 
length  S.  From  equations  (3)  and  (1)  this  is  seen^to  occur  when 

xb  =  S  e  xm  (1  -  /I  -”1A'  ^  •  ..-(4) 

Integration  of  equation  (2)  suggests  that  this  limit  is  reached  when 


u2(o)t 


>  1, 


where  t  is  the  time  elapsed  since  diaphragm  rupture.  This  condition  is 
satisfied  in  the  present  work  so  that  in  order  to  compare  theory  with 
experiment  equation  (4)  is  sufficient. 


For  the  case  of  buoyant  gas  travelling  through  the  relaxation  zone  of 
length  xr  it  is  necessary  to  integrate  equation  (2)  taking  into  account  the 
variation  of  R  through  the  relaxation  zone  since  the  assumption  of  incompress 
ible  flow  is  no  longer  valid.  Although  the  profile  of  p2(x)  is  easily 
determined  from  continuity,  evaluating  Pmin(x)  contributes  a  more  involved 
task,  and  is  beyond  the  scope  of  this  paper.  For  the  present,  in  order  to 
compare  our  work  with  that  due  to  Levine  we  shall  assume  that  R  is  constant. 
Integration  then  gives  equation  (2)  with  u2(x)  now  being  the  profile  through 
the  relaxation  zone.  u2(o)  is  then  u2f,  the  frozen  post  shock  velocity. 
Should  uk  become  zero  inside  the  relaxation  zone  the  mixing  front  will  remain 
inside  this  region.  Noting  that  u2(xr)  is  u2e  (the  equilibrium  post  shock 
velocity)  this  occurs  when. 


L2  = 


k(u 


2f  ■  u2e 


>  1  and  R  >  1 


...(5) 


zf 


This  criterion  is  similar  to  that  due  to  Levine  if  his  R-l  is  replaced  by  our 
k. 


EXPERIMENT 

Two  separate  but  related  experiments  were  carried  out.  The  first, 
undertaken  by  Maddever  and  Hornung  sought  to  determine  the  shock  shape  and 
test  slug  uniformity  by  producing  time  resolved  differential interferograms 
of  the  flow  in  the  large  free-piston  shock  tube  facility  T3  using  different 
driver  conditions  and  Ar/SF6  test  gas  mixtures.  A  nitrogen- pumped  dye  laser 
having  a  pulse  duration  of  5  ns  was  used  as  a  light  source.  Shock  transit 
times  were  measured  using  thermocouple  heat  transfer  gauges  while  a  pressure 
transducer  located  7.5  cm  upstream  of  the  observation  windows  was  used  to 
trigger  the  laser  light  source.  Flat  windows  of  4  cm  diameter  and  slightly 
recessed  from  the  inner  wall  of  the  circular  cross-section  shock  tube  allowed 
observation  of  the  flow.  Diffraction  of  the  shock  and  other  flow  disturbances 
were  caused  by  the  area  change  at  the  observation  windows  and  may  have  con¬ 
tributed  largely  to  uncertainties  in  classifying  the  flow  condition.  However 
it  was  still  possible  in  most  instances,  to  discern  large  non- uniformities 
of  the  test  slug  and  distortions  of  the  shock  front  that  appeared  to  be 
related  to  the  process  of  turbulent  mixing.  Two  extreme  conditions  were 
observed.  The  first  shown  in  the  interferogram  of  figure  2(a)  is  characterised 
by  a  planar  shock  front  and  undisturbed  post  shock  fringes  Indicating  a 
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uniform  test  slug,  and  was  classified  as  "stable".  The  second,  shown  in  figure 
2(b)  and  characterised  by  a  badly  distorted  shock  front  and  chaotic  post  shock 
fringe  shift  depicting  a  highly  turbulent  test  sample,  is  classified  as 
"unstable".  The  extremes  shown  in  figure  2  presented  no  difficulty  in 


Figure  2(a)  Figure  2(b) 

classification.  However  under  some  experimental  conditions  it  was  found  that 
a  smooth  spherically  shaped  bulge  appeared  on  the  shock  front  while  the  test 
slug  appeared  to  be  undisturbed.  Possibly  such  an  event  corresponds  to  the 
D'yakov-typel4,15  instability  reported  by  Griffiths,  Sandeman  and  Hornung'6, 
although  it  is  outside  the  criterion  for  this  instability,  or  could  be  related 
to  diffraction  effects  associated  with  the  area  change  at  the  observation 
windows.  Care  had  to  be  taken  in  classifying  this  third  condition  especially 
at  low  densities  where  the  differential  interferometer  was  less  sensitive  to 
flow  non-uniformities.  Because  the  shock  did  not  have  the  "bubbly"  appearance 

of  that  shown  in  figure  2(b)  it  was  supposed  that  this  latter  class  was 

unrelated  to  the  process  of  buoyantly  driven  mixing  and  it  was  therefore 
decided  to  classify  such  events  as  "uncertain".  Maddever  and  Hornung's 
results  only  allowed  the  post  shock  flow  to  be  visualised  up  to  2  cm  behind 
the  shock  front  before  the  flow  began  to  interact  with  the  wedge  model 

(visible  in  figure  2  ,  was  used  for  other  purposes  and  has  no  significance 

to  the  present  work)  and  therefore  location  of  the  mixing  front  was  not 
possible. 

Table  1  lists  the  experimentally  measured  and  theoretically  calculated 
flow  conditions  for  these  experiments.  Test  slug  conditions  were  theoretically 
calculated  from  the  measured  shock  speed  and  shock  tube  filling  pressure  by 
the  use  of  an  algorithm  that  took  into  account  real  gas  properties  but  assumed 
thermodynamic  equilibrium.  Thermodynamic  data  for  the  gases  Ar,  SF6,  and  the 
dissociation  products  SF4,  SF2,  S2  and  F2  were  obtained  from  the  data  of 
McBridge,  Heimel ,  Echlers  and  Gordon’7.  The  ratio  R,  was  calculated  by 
determining  the  mixture  densities  p(a)  for  different  values  of  a  by  the  use 
of  the  same  computer  program  until  a  minimum  density  was  encountered.  In 
evaluating  p(a)  it  was  assumed  that  the  resulting  mixture  reached  thermodynamic 
equilibrium  isobarically  and  adiabatically.  Two  typical  plots  of  p(a)  are 
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Classification 


given  in  figure  1.  The  flow  velocity  behind  the  frozen  normal  shock,  u2~,  was 
simply  calculated  from  (assuming  the  strong  shock  limit). 


ui  Yf  +  1  ’ 

where  is  the  ratio  of  the  frozen  specific  heats. 

The  second  group  of  experiments  used  a  square-inner-section  shock  tube  of 
3/4"  internal  width,  with  observation  windows  mounted  flush  with  the  shock  tube 
walls.  A  shadowgraph  optical  arrangement  was  sufficient  to  visualise  both  the 
shock  and  the  mixing  front.  Streak  photography  was  used  to  enable  flow 
visualisation  up  to  70  ps  behind  the  shock.  A  slit  focussed  into  the  focal 
plane  of  the  recording  camera  allowed  a  spatial  resolution  of  less  than  0.5  mm. 
Shock  transit  times  were  measured  using  pressure  transducers,  the  closest 
transducer  to  the  observation  windows  being  used  to  trigger  the  streak  camera. 

A  cw  He  Ne  laser  was  used  as  a  light  source,  and  an  electronic  shutter  was 
necessary  to  ensure  that  the  high  intensity  laser  light  illuminated  the  photo¬ 
cathode  of  the  streak  camera  for  only  a  minimum  duration.  Two  typical 
streak-shadowgraphs  are  shown  in  figure  3.  Invariably  when  what  appears  to  be 


Figure  3(a) 

the  mixing  front,  was  observed  to  be  separated  from  the  shock  as  shown  in 
figure  3(a),  the  shock  wave  was  found  to  be  plane,  while  when  the  apparent 
mixing  front  appeared  to  be  not  separated  the  shock  was  found  to  be  badly 
distorted  as  shown  in  figure  3(b).  This  suggests  that  buoyantly  driven 
mixing  directly  behind  the  shock  may  modify  the  shock  strength  causing  it  to 
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Figure  3(b) 

become  distorted.  Further  we  did  not  observe  the  bulged  shock  fronts  of  the 
previous  experiments. 


From  the  shadowgraphs,  the  streak  speed  and  shock  velocity  it  was 
possible  to  measure  the  separation  distance  A  of  the  apparent  mixing  front 
from  the  shock,  while  the  test  slug  conditions,  the  values  of  R  and  L  were 
again  calculated  as  previously.  S  was  evaluated  from  equation  (6).  xm  was 
calculated  from  references  11  and  18  using  the  real  gas  properties  of  the 
Ar/SF6  test  slug  and  employing  the  Sutherland  viscosity  law.  Mirels^9 
suggests  than  an  appropriate  Reynolds  number  per  unit  length  for  shock  tube 
flow  is  given  by, 


e 

l 


u 


—  [ 

Vw  U2 


- 1] . 


...(6) 


where  vw  is  the  kinetic  viscosity  measured  at  the  wall.  Hartunian,  Russo  and 
Marrone  (ref.  20)  report  that  the  highest  boundary  layer  transition  Reynold's 
number,  calculated  from  equation  (6)  and  experimentally  measured  values  of 
l  =  It,  is  approximately  50  million.  In  the  present  work  Re/ l  is  greater  than 
100  mi  11  ion/ cm  and  we  would  expect  It  <  0.5  cm,  consequently  the  assumption  of 
a  turbulent  boundary  layer  appears  to  be  valid.  The  correlation  of  A  with  the 
various  parameters  is  shown  in  figure  4. 


Square  symbols  correspond  to  the  use  of  Argon  as  a  driver  gas  while 
triangular  symbols  indicate  the  use  of  Helium  for  the  driver  gas.  The 
symbols  have  been  filled  when  the  shock  front  was  observed  to  be  plane,  but 
unfilled  when  distorted.  Error  bars  are  approximately  the  size  of  the  symbol. 
The  results  presented  were  taken  over  a  narrow  range  of  shock  Mach  number 
(6.1  <Mx  <6.6)  in  order  to  see  the  consequences  of  varying  the  driver  gas 
conditions.  The  results  show  a  poor  correlation  with  the  density  ratio  R,  the 
modified  Levine's  parameter  and  the  predicted  separation  due  to  boundary 
layer  entrainment,  although  in  the  latter  case  agreement  between  the  two 
driver  gas  conditions  is  improved.  It  is  emphasised  that  the  assumption  of 
constant  R  could  be  important  in  determining  the  separation  as  predicted  by 
relaxation  effects.  The  correlation  with  Reynolds  number  per  centimetre  as 
defined  by  equation  (6)  is  somewhat  better  than  with  the  predicted  separation 
S,  but  the  best  correlations  are  obtained  with  parameters  such  as  the 
temperature  ratio  across  the  shock  or  the  Ar/SF6  ratio  which  reflect  the 
thermodynamic  properties  of  the  mixture.  Noticeable  in  this  correlation  is 
the  rapid  decrease  in  the  separation  of  the  mixing  front  from  the  shock  for 
Ar/SF6  ratios  less  than  0.25.  Further  experiments  are  in  progress  to 
investigate  these  effects. 
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CONCLUSION  AND  REMARKS 

The  experimental  work  to  date  does  not  support  the  simple  models  of 
Rayleigh-Taylor  instability  as  presented  here,  although  this  may  be  due  to 
the  assumption  that  the  ratio  R  is  constant  through  the  relaxation  region. 

The  theory  is  being  modified  to  remove  this  restriction. 

For  the  second  series  of  experiments  no  shock  distortions  were  observed 
where  the  apparent  mixing  front  was  clearly  separated  from  the  shock  wave, 
and  the  separation  distance  reduced  rapidly  with  increased  concentrations  of 
SF6  in  the  test  gas  above  a  critical  value.  This  is  under  further  investiga¬ 
tion  and  particularly  experiments  are  proposed  in  which  the  driver  gas  density 
is  sufficiently  high  to  reduce  the  tendency  to  instability  at  the  contact 
surface. 
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MEASUREMENT  AND  CALCULATION  OF  SHOCK  ATTENUATION 


IN  A  CHANNEL  WITH  PERFORATED  WALLS 
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V) 

The  velocity  of  a  shock  wave  generated  in  an  air/ 
air  shock  tube  with  perforated  walls  is  measured 
by  means  of  an  optical  Doppler  schlieren  technique. 

The  attenuation  of  the  shock  is  measured  for  per¬ 
foration  ratios  varying  between  0.1  and  0.5  and 
over  a  length  of  about  40  channel  heights.  Various 
numerical  models  are  used  to  determine  the  shock 
attenuation,  and  these  results  are  compared  with 
the  experimental  datav 

INTRODUCTION 

A  shock  wave  propagating  in  a  channel  of  constant  cross  section 
and  with  perforated  walls  is  continuously  attenuated.  The  per¬ 
foration  causes  a  loss  of  the  energy  or  momentum  associated  to 
the  motion  of  the  shock  wave  in  the  channel.  As  a  consequence 
the  shock  velocity  decreases  with  time  or  distance  of  propa¬ 
gation.  The  velocity  gradient  depends  on  the  initial  shock 
strength,  expressed  e.g.  by  the  shock  Mach  number  M,  and  on  the 
degree  of  perforation;  i.e.  the  ratio  of  the  open  portion  of  the 
wall  and  the  total  wall  surface.  This  process  has  been  analyzed 
by  Wu  and  Ostrowski  (ref.1)  and  by  Szumowski  (ref. 2)  who  both 
assume  that  the  mentioned  loss  of  momentum  can  be  described  with 
the  momentum  flux  in  stationary  gas  jets  which  exhaust  from  the 
channel  through  the  perforation  after  the  passage  of  the  shock. 

The  interaction  of  the  moving  shock  wave  with  the  openings  of  the 
perforation  is  not  included  in  (refs.  1  and  2).  As  an  alternate 
approach,  this  interaction  can  be  considered  by  repeatedly  applying 
one  of  the  various  models  for  the  propagation  of  a  shock  through 
a  channel  with  a  side-branch,  the  branches  representing  the  indi¬ 
vidual  openings  of  the  perforation.  Three  of  these  models  (refs. 
3-5)  are  tested  here  to  predict  the  attenuation  of  the  shock.  The 
gradient  of  the  shock  velocity  is  measured  by  applying  the  optical 
Doppler-schlieren  technique  (ref. 6)  which  may  deliver  the  shock 
velocity  with  a  high  degree  of  local  precision.  The  various 
theoretical  approaches  are  tested  with  these  experiments  for  a 
initial  shock  Mach  number  M  =  1-.6  and  for  values  of  the  perfora¬ 
tion  ratio  0.1  <  n  *  0.5. 

EXPERIMENTAL  PROCEDURE 

Experiments  are  performed  in  an  air/air  shock  tube  with  rectangular 
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cross  section.  The  perforation  consists  of  parallel,  equidistant 
slits,  normal  to  the  tube  axis,  in  the  ground  and  cover  plate  of 
the  rectangular  channel  (Figure  1),  while  the  side  plates,  in  the 
test  section,  are  made  of  glass  so  that  the  interaction  of  the 
shock  with  the  openings  of  the  perforation  can  be  photographed. 


Figure  1 ;  Geometry  of  the  perforation  in  the  ground  and  cover 
plate  of  the  shock  tube,  and  definition  of  the  per¬ 
foration  ratio  n  =  s/1. 


Figure  2  is  a  series  of  3  shadowgraphs  taken  at  three  different 
instants  of  time  and  showing  the  shock  pattern  for  the  perforation 
ratio  n  =  0.5.  Despite  the  many  reflections  and  refraction  proces¬ 
ses  the  front  shock  remains  a  relatively  plane  front.  The  initial 
shock  Mach  number  is  Mq  =  1.6  in  all  experiments. 

The  length  of  the  perforated  part  of  the  channel  is  1  meter.  The 
shock  velocity  has  been  measured  at  various  positions  along  the 
channel  axis  (about  every  5  cm)  with  the  Doppler-schlieren  techni¬ 
que  which  has  been  described  extensively  in  ref.  6.  With  this 
method  the  shock  velocity  is  measured  while  the  shock  propagates 
along  a  distance  of  only  a  fraction  of  a  millimeter.  Since  only 
one  data  point  can  be  taken  during  one  test  run,  a  shock  tube  ex¬ 
periment  is  repeated  many  times  with  the  same  initial  conditions 
but  with  different  positions  of  the  measurement  in  order  to  obtain 
the  decrease  of  shock  velocity  or  shock  Mach  number  along  the  per¬ 
forated  channel.  The  scatter  in  the  experimental  data  points 
(Figure  3-5)  must  be  explained  with  the  low  degree  of  reproduci¬ 
bility  of  the  individual  experiments.  The  experimental  pattern 
can  be  described  with  a  regression  curve  of  the  exponential  form 
y  -  a  •  exp(b'x);  the  constants  a  and  b  are  determined  by  a  least 
square  fit. 

CALCULATION  f  SHOCK  LENGTH 

Two  theoretical  r  od<_  s  are  used  here  to  calculate  the  decrease  of 
the  shock  strength  along  the  perforated  portion  of  the  channel. 

The  theory  of  Wu  and  Ostrowski  (ref.1)  attributes  the  decrease  in 
shock  strength  to  the  loss  of  momentum  in  form  of  gas  jets  ex¬ 
hausting  through  the  openings  of  the  perforation.  In  evaluating 
this  theory  equation  (22)  in  ref.  1  which  describes  the  contraction 
ratio  of  the  gas  jet  is  replaced  by  equation  (2.5)  of  ref.  7.  The 
numerical  result  is  included  in  Figures  3  to  5. 
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Figure  2 :  Series  of  3  shadowgraphs  showing  the  propagation  of  a 
shock  wave  in  a  channel  with  the  perforation  ratio 
n  =  o.5. The  shock  wave  moves  from  left  to  right  and  is 
refracted  and  reflected  at  each  opening  of  the  perfor¬ 
ation. 


Figure  2  shows  that  the  shock  wave  undergoes  a  refraction  process 
in  each  individual  opening  of  the  perforation.  This  process  is 
equivalent  to  the  propagation  of  a  shock  in  a  channel  with  a  side- 
branch.  The  latter  case  has  been  studied  by  several  investigators, 
and  various  models  are  available  to  calculate  the  shock  strengths 
in  such  a  configuration.  The  present  case  can  be  analyzed  by  means 
of  these  models  if  one  assumes  that  the  perforation  can  be  repres¬ 
ented  by  a  series  of  side  branches  in  the  wall  of  the  main  channel. 
The  shock  in  the  main  channel  which  is  attenuated  after  the  inter¬ 
action  with  the  first  side  branch  interacts  with  the  second  side 
branch,  etc.  and  this  process  is  repeated  for  each  slit  of  the 


Attenuation  with  Perforated  Walls 


(189| 


used  perforation  geometry  to  determine  the  attenuation  of  the 
shock  wave  in  the  perforated  channel.  Three  of  such  branched- 
tube-models (refs.  3  -  51  are  applied  here,  the  direction  of  the 
branch  is  taken  at  90°  to  the  main  channel  axis,  and  the  results 

of  these  calculations  are  also  included  in  Figures  3  to  5. 

RESULTS 

The  numerical  and  the  experimental  investigations  were  restricted 
to  only  one  value  of  the  initial  shock  Mach  number,  MQ  =  1.6, 
because  the  applied  shock  tube  did  not  allow  for  a  significant 
variation  of  this  number.  The  influence  of  the  shock  strength  on 

the  results  therefore  has  not  been  tested.  The  scatter  in  the  ex¬ 

perimental  data  has  two  main  origins:  The  low  degree  of  reprodu¬ 
cibility  has  been  mentioned  above.  The  second  error  source  is  the 
instantaneous  interaction  of  the  shock  wave  with  the  openings  of 
the  perforation.  The  shock  strength  does  not  decrease  smoothly, 
it  experiences  rather  abrupt  changes  due  to  the  interactions  with 
reflected  and  secondary  waves  as  can  be  seen  in  Figure  2.  The 
applied  method  for  measuring  the  shock  velocity  delivers  these 
local  values  which  might  differ  considerably  from  the  average 
value  of  the  decreasing  shock  strength.  It  is  therefore  reason¬ 
able  to  describe  the  experimental  pattern  with  a  regression  curve 
as  it  has  been  done  in  Figures  3  to  5. 

The  experimental  results  are  described  best  by  the  slightly  modi¬ 
fied  theory  of  Wu  and  Ostrowski  (ref.1)  and  by  the  repeatedly 
applied  branched-tube  model  of  ref.  3.  The  other  two  models 
(refs.  4  and  5)  predict  a  too  rapid  attenuation  of  the  shock  wave 
in  the  perforated  channel.  The  numerical  results  agree  better  with 
the  experiments  for  the  lower  values  of  the  perforation  ratio. 

In  the  case  of  the  higher  perforation  ratio  (here:  n  =  0.5),  the 
wave  interactions  become  dominant,  and  the  numerical  models  with 
their  included  averaging  procedures  might  not  adequately  des¬ 
cribe  the  real  flow  situation. 

The  branched-tube  model  of  ref.  3  which  delivers  relatively  good 
results  is  easy  to  handle  because  it  expresses  the  shock  Mach 
number  to  be  determined  in  form  of  an  implicit  analytical  equa¬ 
tion  which  is  simple  to  evaluate.  This  model  requires  the  exist- 
ance  of  a  one-dimensional  perforation  geometry  as  used  in  these 
experiments  (see  Figure  2) .  If  one  wants  to  apply  this  model  to 
a  different  perforation  geometry  (e.g.  holes  in  the  channel  wall 
instead  of  slits) ,  it  is  necessary  to  assume  that  such  geometry, 
in  the  calculation,  can  be  replaced  by  its  one -dimensional  equi¬ 
valent  (i.e.  the  slit  geometry)  with  the  same  value  of  the  per¬ 
foration  ratio  n.  No  tests  have  been  performed,  however,  to 
check  the  influence  of  the  perforation  geometry  on  the  shock 
attenuation  at  constant  values  of  n. 
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‘modified  Voitenko  compressor  was  used  to  generate  a 
43  nan/jj J  air  shock  in  20-mm-i.d.  6-m  long  steel  pipe  con¬ 
taining  ambient  atmospheric  air.  Fiber-optic  ports  pro¬ 
vided  diaphragm  burst  time,  time-of-arrival  data  and  velo¬ 
city  of  the  shock  front  along  the  pipe.  Pressure  profiles 
were  obtained  at  higher  enthalpy  shock  propagation  than 
ever  before  and  at  many  locations  down  the  pipe.  Between 
0.10-  and  5.0-m  from  the  diaphragm  the  peak  pressure  behind 
the  shock  front  decayed  from  3.5-  to  0.006  GPa.  Over  this 
same  interval  the  velocity  of  the  shock  front  attenuated 
froa__437  to  1-mm/  {i  si  —Postshot  measurements  indicated 
0.34  Kg  of  entrained  will  material  condensed  out  on  the 
walls  between  2.5  and  4.35  m  from  the  diaphragm.  The  value 
of  0.34  Kg  is  about  an  order  of  magnitude  greater  than 
earlier  ablation  calculations  predicted.  The  scouring 
model  is  forwarded  as  a  possible  entrainment  mechanism  to 
explain  this  discrepancy.  The  rapid  attenuation  of  shock 
velocity  (43-  to  5-mm/ys)  over  the  first  2  m  of  propagation 
is  attributed  to  entrainment  of  wall  material.  Beyond  2-m 
ablation  is  negligible  with  heat  transfer  and  friction  be¬ 
coming  the  dominant  attenuating  factors. 

♦Work  supported  under  contract  DNA  Subtask  J24AAXIX955  and 
auspices  of  U.S.  Department  of  Energy  by  the  Lawrence 
Livermore  National  Laboratory  under  contract  W-7405-ENG-48. 
♦♦Systems,  Science  and  Software,  LaJolla,  CA  92037. 
tSRI  International,  Menlo  Park,  CA  94025. 


INTRODUCTION 


For  nearly  a  decade,  theoretical  studies  have  indicated  that  ablation  of 
wall  material  was  the  principal  attenuation  mechanism  for  high-velocity  (>  10 
mm/p  s)  air-shock  propagation. This  conclusion  was  primarily  based  on 
agreement  between  calculational  and  experimental  results  for  time-of-arrival 
(T0A)  of  the  shock  front  at  specific  locations  in  open  pipes  containing  air 
at  ambient  conditions.  In  the  study*  using  the  Voitenko  compressor, ^ 
postshot  inspection  of  the  pipe  wall  clearly  indicated  that  considerable  ero¬ 
sion  of  the  surface  had  taken  place.  In  the  Marvel  experiment,  chemical 
tracer  sections  were  located  in  the  wall  of  the  Marvel  tunnel  at  specific 
sites  to  provide  an  estimate  of  ablation  thickness.  A  final  distribution  of 
the  chemical  tracers  was  obtained  from  core  samples  along  the  tunnel  in  a 
postshot  drilling  program.  This  final  tracer  distribution  confirmed  that 
significant  ablation  or  mass  entrainment  in  the  gas  flow  occurred. 
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The  term  ablation,  as  related  to  high-energy  flow,  is  generally  confined 
to  the  vaporization  of  wall  material  and  subsequent  addition  of  that 

vaporized  material  to  the  gas  flow.  However,  other  processes  exist  by  which 

wall  material  may  be  entrained  in  the  gas  flow.  For  an  open  pipe  in  a 
nuclear  explosion  the  deposition  of  radiation  (x  or  y  rays,  and  thermal) 
ahead  of  the  shock  front  may  vaporize  wall  material  and/or  produce  a  thin 

melt  layer.  In  addition,  a  thin  melt  layer  may  be  produced  by 
high-temperature  gases  behind  the  shock  front.  Then  turbulence  behind  the 
shock  front  may  scour  off  this  '-.hin  liquid  layer  and  add  mass  to  the  flow  in 
the  form  of  droplets.  This  scouring  model  was  first  postulated^  to  explain 
the  results  of  dynamic  ablation  measurements  associated  with  plasma  flow  in  a 
line-of-sight  pipe  during  a  nuclear  test.®  The  scouring  model  has  been 

incorporated  into  a  numerical  code  for  simulating  high-energy  gas  flow  in 

open  pipes.  '  Other  considerations  for  mass  entrainment  are  irregularities 
in  the  pipe  wall  or  the  wall  composition  that  may  result  in  sizeable  wall 
fragments  being  entrained  in  the  gas  flow.  Which  of  these  processes  are 
present  depends  upon  the  experiment  being  considered. 

Although  considerable  evidence  exists  that  ablation  plays  an  important 
role  in  the  attenuation  of  high-energy  gas  flows,  the  principal  uncertainty 
concerns  the  rate  at  which  ablation  or  wall  material  enters  the  flow  and 

affects  conditions  in  and  behind  the  shock  front.  The  early  computer 
codes*»2  and  subsequent  modified  versions?!®  contain  parameters  to 
quantify  the  rate  of  ablation.  Unfortunately,  these  finite-difference  codes 
lack  dynamic  experimental  data  to  determine  whether  the  present  formulations 
accurately  describe  the  physical  processes  of  ablation.  An  accurate 
measurement  of  the  ablation  rate  would  provide  the  most  direct  experimental 
basis  for  evaluating  the  present  theory.  However,  the  estimated  ablation 
rate  is  so  small1  ( <10  pm/ps)  and  the  typical  environment  so  severe  (e.g., 

pressures  >1  GPa,  temperatures  >1  eV,  and  wall  motion  >0.1  nsn/  vs)  that 

survival  of  a  credible  ablation  rate  measurement  is  extremely  difficult. 
Fortunately,  other  measurements  are  possible  to  aid  in  evaluating  the 
ablation  rate  and  its  subsequent  effect  on  conditions  behind  the  shock  front. 

In  the  following  sections  we  describe  an  experiment  using  a  mod  if ied^i  *-0 
Voitenko  compressor^  to  study  air-shock  propagation.  Some  of  the  hardware 
and  diagnostics  coverage  are  common  to  an  earlier  experiment . 1 > For 
example,  the  high-explosives  (HE)  assembly,  compressor  section,  and  first 
0.15m  of  the  outlet  pipe  are  identical  within  tight  machine  tolerances.  The 
detonated  HE  drives  the  stainless-steel  plate  into  the  chamber,  compressing 
the  1.1-MPa  air  (initially  in  the  chamber)  to  high  pressures  (>100  GPa), 
densities  (>1.0  Mg/m^) ,  and  temperatures  (  >10  eV)  before  the  diaphragm 
breaks.1'11  The  expansion  of  this  compressed  air  down  the  exit  pipe 
generates  a  high-velocity  (  Mach  130)  air  shock. 

Fiber-optic  ports  in  the  outlet  pipes  transmit  luminosity  associated  with 
the  high-energy  air  shock  to  display  boards  that  are  scanned  by  streaking 
cameras.  These  optical  records  are  then  reduced  to  give  TOA  information 
about  air-shock  propagation  down  the  outlet  pipes.  Electronic  sensors  pro¬ 
vide  pressure  profiles  at  many  locations  in  this  experiment.  Figure  1  and 
Table  1  summarize  the  physical  features  and  diagnostics  coverage  of  the 
compressor-outlet  pipe  assembly.  The  optical  diagnostics  employed  are 
similar  to  previous  air-shock1”  and  gas-jet^!11  studies  but  will  be  re¬ 
viewed  for  details  particular  to  this  experiment. 

OPTICAL  AND  ELECTRONIC  DIAGNOSTIC  COVERAGE 

A  framing  camera  (Model  189B)  was  focused  on  the  first  0.20  m  of  the 
steel  outlet  pipe  to  detect  the  location,  duration  and  extent  of  possible 
venting.  Since  a  goal  of  this  study  will  be  to  numerically  simulate  the  com¬ 
pressor  generation  of  the  air  shock  and  pressure  profile  for  some  distance 


High-Energy  Air  Shock 


|193| 


behind  the  shock  front,  a  knowledge  of  venting  is  crucial.  In  a  previous 
air-shock  study, 12  venting  from  the  HE  driver  region  was  observed,  but  a 
venting  criterion  was  applied  to  the  numerical  simulation  which  helped  to 
explain  the  experimental  results. 

Twenty-one  1.80-m-long  light  pipes  were  emplaced  along  the  outlet  pipe 
and  divided  between  two  display  boards.  One  end  of  each  light  pipe  in  the 
first  2.0  m  of  the  outlet  pipe  was  located  in  the  first  display  board  and 
those  beyond  2.0  m  were  located  in  the  second  board.  The  detonation  of 
bridge  wires  at  predetermined  times  provided  the  optical  fiducials  to 
correlate  air-shock  luminosity  data  for  the  streaking  cameras.  The  two 
streaking  cameras  (Models  132)  and  the  framing  camera  (Model  189B)  were 
synchronized.  Mo  optical  filters  were  used  on  any  of  the  cameras. 

The  electronic  diagnostics  for  this  experiment  consisted  of  three  types 
of  pressure  gages,  Table  1.  A  total  of  15  bar  gages,  4  piezoresistance 
gages,  and  2  PCB  quartz  gages  were  installed.  Gages  similar  in  design  to  the 
bar  and  PCB  quartz  gages  have  been  used  to  measure  pressures  in  other  gas 
flow  experiments.  The  bar  gages1^*1^  were  the  primary  electronic 

sensors.  The  other  six  gages  were  installed  as  an  independent  check  of  the 
pressure  profiles  obtained  with  the  bar  gages.  The  piezoresistant  gages  were 
specifically  designed  for  this  experiment.  The  primary  difficulty  in 
obtaining  measurements  of  the  flow  parameters  is  in  retaining  the  integrity 
of  the  sensor  when  subjected  to  high  pressures,  high  temperatures,  large 
displacements,  and  strain  effects.16 

EXPERIMENTAL  RESULTS 

To  correlate  the  optical  and  electronic  measurements,  a  common  time 
reference  was  provided  by  the  electrical  pulse  that  initiated  detonation  of 
the  plane-wave  lens.  The  time  interval  between  detonation  of  the  plane-wave 
lens  and  air  shock  breakage  of  the  Mylar  diaphragm  was  58.1  p  s.  This  time 
was  determined  by  using  a  light  pipe  oriented  to  view  the  center  of  the  dia¬ 
phragm.  The  above  diaphragm  breaking  time  is  taken  as  the  new  zero  time 
reference  for  all  experimental  results  in  this  test. 

Optical  Experimental  Results 

The  framing  camera  (Model  189B)  gave  photographic  evidence  that  no  vent¬ 
ing  of  high-energy  gases  in  the  outlet  pipe  occurred  for  the  first  39.3  ps 
after  breakage  of  the  diaphragm.  Although  venting  after  this  time  would 
undoubtedly  reduce  pressures  well  behind  the  shock  front,  it  would  have 
negligible  effect  on  propagation  of  the  shock  front. 

Table  1  summarizes  TOA  results  of  the  shock  front  for  the  fiber  optics 
and  pressure  sensors.  The  TOA  values  given  for  the  fiber  optics  correspond 
to  the  time  that  the  first  luminosity  peak  was  recorded  at  each  location. 
The  TOA  values  for  the  pressure  sensors  are  the  times  at  which  the  initial 
rise  for  the  first  pressure  peak  is  very  steep.  This  time  was  chosen  instead 
of  the  peak  pressure  because  the  pressure  sensors  have  two  inherent  effects 
that  tend  to  spread  the  risetimes  and  delay  the  peak.  Figure  2  shows  a  TOA 
plot  for  propagation  of  the  shock  front  in  the  exit  pipe.  Differentiation  of 
the  TOA  curve  yielded  the  velocity  for  the  shock  front  as  a  function  of  dis¬ 
tance  down  the  outlet  pipe  as  given  in  Fig.  3.  After  a  short  period  of 
acceleration  the  shock  attains  a  maximum  velocity  of  43  mm/ps  at  a  distance 
of  375  mm  from  the  diaphragm.  Over  approximately  the  first  2  m,  ablation  and 
mass  entrainment  are  considered1* 3  to  be  the  principal  attenuation  mecha¬ 
nism.  Over  this  distance  the  velocity  has  attenuated  to  less  than  10  on/ps. 
Beyond  the  2.0  m  distance  the  attenuation  rate  decreases,  with  the  dominant 
mechanism  for  attenuation  being  convective  heat  transfer  and  friction. ^>12 
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Pressure  Profiles 

Figures  4-11  give  pressure  profiles  for  this  experiment.  The  pressure 
records  for  the  bar  gages  beyond  2.0  m  had  high  noise  levels  and/or  a  double 
trigger  of  the  scope  trace.  Other  than  the  shock-front  TOA  value  at  2.5  m, 
no  meaningful  data  reduction  was  considered  feasible  for  the  bar  gages  beyond 
2.0  m.  Peak  pressures  associated  with  the  shock  front  decayed  from  3.5  GPa 
at  0.10  m  to  0.008  GPa  at  5.0  m  from  the  diaphragm.  The  duration  of  the 
experimentally  measurable  flow  varies  from  50  ys  at  0.10  m  (Fig.  4)  to  over 
300  ps  at  5.0  m  (Fig.  11).  These  two  positions  represent  the  only  locations 
the  scope  settings  were  such  that  the  flow  duration  could  be  determined  with 
any  certainty.  The  increase  in  the  duration  of  the  flow  can  be  attributed 
primarily  to  the  delayed  entrainment  of  wall  material  to  the  flow,  resulting 
in  a  relatively  greater  attenuation  of  the  flow  well  behind  the  shock  front. 
Evidence  for  this  effect  is  the  attenuation  of  the  3.55  GPa  (19  p  s)  peak  at 
0.10  m,  to  1.48  GPa  (38.6  ps)  at  0.20  m,  to  1.14  GPa  (50.4  ys)  at  0.30  m  and 
its  final  disappearance  at  0.50  m.  The  gradual  dispersion  of  the  high-energy 
flow  has  been  observed  in  jet  studies. 3 >17  In  those  studies  the  delayed 
entrainment  of  wall  material  was  also  identified  as  the  primary  attenuation 
mechanism  and  a  major  contributor  to  dispersion. 

The  piezoresistance  gage  at  0.10  m  suggests  the  possible  presence  of  a 
0.15  GPa  precursor  before  the  sharp  rise  to  its  3.5  GPa  peak  value  (Fig.  4). 
Dispersion  in  the  -bar  gage  will  reduce  the  peak  pressure  and  increase  the 
pulse  width  of  the  shock  front  in  addition  to  masking  fine  structures  such  as 
the  precursor.  Thus,  the  results  for  the  piezoresistance  and  bar  gages  are 
felt  to  be  consistent  at  0.10  m.  The  piezoresistance  gage  at  0.20  m  failed 
within  1  ps  after  shock  arrival  and  at  1.00  m  not  even  this  datum  was 
obtained.  Consequently,  the  only  other  location  where  a  similar  comparison 
between  these  two  gage  types  was  at  0.50  m  (Fig.  7).  Only  a  hint  of  a 
precursor  was  observed  at  this  distance.  The  peak  pressure  appears  high  with 
respect  to  the  peak  value  for  the  bar  gage,  even  though  attenuation  of  the 
peak  caused  by  dispersion  in  the  bar  gage  could  be  expected,  considering  the 
narrow  pulse  width  for  the  piezoresistance  gage.  The  poor  agreement  between 
pressure  profiles  of  the  shock  front  at  the  0.50  m  is  the  largest  disparity 
between  any  gage  results  at  the  same  axial  distance  for  this  experiment. 

The  large  pressure  oscillations  observed  result  from  axial  and  radial 
oscillations  of  the  flow  that  are  induced  by  an  early  diaphragm  break  and 
radial  convergence  of  the  driver  gas  in  the  compressor  section. 1  The 
fact  these  oscillations  appear  to  persist  for  a  substantial  distance  is 
confirmed  by  the  pressure  profiles  obtained  with  the  PCB  and  bar  gages  at  2.0 
m  (Fig.  10).  Both  gages  at  2.0  m  give  close  agreement,  in  TOA  and  amplitude, 
for  the  first  two  large  pressure  peaks.  It  is  not  known  whether  the  follow¬ 
ing  two  oscillations  for  the  bar  gage  are  factual  or  a  gage  related  problem. 
Over  all,  the  pressure  profiles  are  felt  to  be  in  good  agreement  for  the 
duration  of  the  bar  gage  record.  The  PCB  gage  indicates  that  a  flow  pressure 
of  2:15  MPa  exists  well  beyond  the  55-60  ys  measurement  duration  of  the  bar 
gage  record.  A  more  complete  record  of  the  duration  of  the  flow  is  provided 
by  the  PCB  gage  at  5.0  m  (Fig.  11).  At  this  distance  the  rapid  oscillations 
appear  to  have  damped  out.  Yet  the  profile  is  far  from  that  of  a  classical 
shock  wave,  since  substantially  larger  pressures  occur  well  behind  the  shock 
front.  In  addition  to  damping  of  the  oscillations,  a  plot  of  peak  pressure 
in  the  shock  front  vs  axial  distance  (Fig.  12)  reveals  a  significant  differ¬ 
ence.  Between  0.10  and  2.0  m  the  shock-front  pressure  is  fairly  well  bounded 
by  the  two  expressions  shown  in  Fig.  12.  Extrapolation  to  5.0  m  would  pre¬ 
dict  a  shock-front  pressure  of  approximately  an  order  of  magnitude  lower  than 
measured.  The  higher  pressures  at  5.0  m  were  partially  expected  since  it  has 
been  shown12  that  for  shock  velocities  below  10  nsn/ps  ablation  ceases,  with 
only  heat  transfer  and  friction  remaining  as  the  principal  attenuation 
mechanism. 
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Radial  Expansion 

In  this  and  earlier^* 10> H  experiments  the  compressor  section  and  first 
0.15  m  of  outlet  pipe  were  machined  from  a  single  piece  of  steel  stock.  This 
requirement  was  imposed^  to  eliminate  venting  of  high-energy  gases  follow¬ 
ing  diaphragm  breakage.  The  impulse  delivered  to  the  compressor  by  the  HE 
and  the  high-energy  gas  flow  in  the  outlet  pipe  have  always  been  sufficient 
to  highly  fragment  both  the  compressor  section  and  first  0.15  m  of  outlet 
pipe.  In  this  experiment  the  remaining  5.85  m  of  outlet  pipe  was  recovered 
intact  and  postshot  measurements  of  the  bore  diameter  were  obtained  as  a 
function  of  axial  distance  from  the  diaphragm.  Results  from  those  measure¬ 
ments  are  plotted  in  Fig.  13,  showing  radial  expansion  occurred  over  the 
first  2.5  m  of  the  outlet  pipe.  High  pressures  behind  the  shock  front  were 
the  principal  factors  producing  the  radial  displacement.  The  other  minor 
contributor  is  the  removal  of  wall  material  via  ablation  and  scouring. 5  The 
HE  transferred  significant  axial  momentum  to  the  first  0.15  m  of  the  outlet 
pipe,  causing  it  to  impact  the  front  end  of  the  5.85  m  section,  resulting  in 
flaring  of  that  end  of  the  surviving  section.  Consequently,  measurements  of 
bore  diameter  over  the  first  0.05-0.10  m  of  the  surviving  section  would  par¬ 
tially  have  to  be  discounted  because  of  the  impact  and  flair  effect. 

Condensation 

Post-shot  measurements?  and  physical  observations  of  wall  sections^ 
showing  the  erosional  effects  of  mass  entrainment  have  been  documented.  The 
entrainment  of  mass  from  the  wall  contributes  to  attenuation  and  cooling  of 
high-energy  gases.  As  this  flow  propagates,  interaction  with  the  cold  wall 
and  other  energy  losses  can  be  expected  to  further  cool  the  flow.  When  the 
flow  temperature  drops  sufficiently,  condensation  of  the  entrained  wall 
material  will  occur.  Figure  14  shows  a  plot  of  condensation  thickness  vs 
axial  distance  from  the  diaphragm.  Integrating  these  results  indicated  that 
the  total  entrained  mass  condensed  out  over  the  distance  shown  was  =0.34  kg. 

In  an  earlier  report*-  8  MJ  of  energy  was  calculated  to  be  imparted  to 
the  chamber  air  that  exited  down  the  outlet  pipe.  The  value  0.34  kg  is  more 
than  an  order  of  magnitude  larger  than  those  calculations  predicted  to  be  en¬ 
trained  in  the  0.029  kg  of  driver  and  driven  gas  for  that  experiment.  How¬ 
ever,  those  calculations  extended  to  only  56  ys  following  the  diaphragm  break 
and  were  for  an  outlet  pipe  of  -1.4  m  in  length.  As  a  basis  for  analysis, 
let  us  accept  8  MJ  as  reasonable  and  assume  that  all  of  the  chamber  air 
exited  down  the  outlet  pipe.  The  following  two  options  may  explain  the  0.34 
kg  of  condensed  wall  material,  since  the  initial  experimental  conditions  and 
shock  TOA  results  for  the  earlier  experiment^  are  not  that  different  fcr 
the  first  1.4  m  of  air  shock  propagation. 

The  first  option  is  that  the  entire  0.34  kg  of  condensed  wall  material 
was  vaporized  and  entrained  in  the  driver  (chamber  air)  and  shocked  air  in 
the  outlet  pipe.  If  only  a  few  grams  were  entrained  in  the  shocked  air  and 
the  major  fraction  was  entrained  well  behind  the  contact  surface,  then  atten¬ 
uation  effects  on  propagation  of  the  shock  front  would  be  greatly  reduced. 
Approximately  4.25  MJ,  53Z  of  energy  in  the  flow,  would  be  required  to  vapor¬ 
ize  0.34  kg  of  steel  assuming  a  specific  energy  of  vaporization  (Ev)  of 
12.4  MJ/kg.l  Of  the  remaining  47Z,  *  14X  was  calculated*  to  be  lost  by 
the  gas  doing  work  on  the  pipe.  The  value  of  14Z  was  based  on  a  pipe  length 
of  1.4  m  and  flow  time  of  56  ys.  Figure  13  shows  that  expansion  occurred  for 
a  distance  of  2.5  m  indicating  that  the  14Z  value  is  very  conservative. 
Thus,  less  than  33Z  (2.6  MJ)  remains  in  the  flow  to  be  partitioned  between 
internal  and  kinetic  energy.  Experimental  results  at  2.0  m  for  the  pressure 
profiles  (Fig.  10)  and  gross  estimates  for  flow  velocities  provide  estimates 
for  total  energy  in  the  flow  that  are  consistent  with  the  33Z  value. 
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The  second  option  is  to  introduce  some  latitude  to  the  figures  by  reduc¬ 
ing  the  energy  necessary  for  mass  entrainment  in  the  flow.  This  can  be  done 
by  assuming  that  a  melt  layer  develops  which  becomes  entrained  in  the  flow 
and  is  carried  along  in  the  form  of  droplets.  This  entrainment  mechanism, 
known  as  "scouring,"  was  first  postulated^  to  account  for  large  dynamic 
ablation  rates®  that  normal  ablation  models  could  not  explain.  The  scour¬ 
ing  concept  is  not  a  substitute  for  ablation,  but  is  an  additional  mechanism 
of  mass  entrainment.  Scouring  may  be  the  dominant  entrainment  mechanism  well 
behind  the  shock  front  where  temperatures  and  specific  energies  per  unit  mass 
in  the  flow  are  much  lower.  Appreciable  scouring  may  occur  late  in  time  when 
HE  gases  act  as  a  carrier  for  the  droplets. 

Numerical  simulation  of  the  compressor  operation^®  suggests  that  more 
than  half  the  air  may  be  trapped  in  the  chamber  and  may  not  flow  down  the 
outlet  pipe.  Although  those  calculations  terminated  at  10  ps  following  the 
diaphragm  break,  the  predictions  were  in  reasonable  agreement  with  the  first 
two  peaks  of  the  pressure  profile  recorded  at  0.10  m.  If  such  a  reduction  in 
driver  gas  is  realistic,  then  significantly  less  energy  than  8  MJ  can  be 
expected  to  be  contained  in  the  pipe  flow.  To  explain  the  0.34  kg  of  con¬ 
densed  wall  material  would  require  a  reduced  energy  entrainment  mechanism  for 
a  major  portion  of  the  flow.  The  scouring  option  is  one  possible  mechanism. 
For  a  more  detailed  discussion  of  the  diagnostics  and  experimental  results 
than  is  presented  in  this  paper  the  reader  is  referred  to  Ref.  19. 
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Table  1.  Diagnostics  used  and  air  shock  time-of-arrival  (TOA)  data. 
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Transient  base  flow  phenomena  following  shock-wave  passage 
over  plane  bluff  bodies  were  studied  in  a  shock  tube  using 
interferometric  and  schlieren  techniques.  ,,-Two  model  shapes 
were  examined:  a  half-circular  cylinder  arid  a  cylinder  with 
the  profile  of  the  Galileo  probe.  The  latter  differs  from 
the  former  aerodynamically  in  that  its  forebody  flow  con¬ 
sists  of  a  weaker  expansion  than  that  of  the  half-circular 
cylinder,  and  that  the  presence  of  its  afterbody  provides 
some  boat  tailing  effects.  Both  factors  result  in  a  higher 
base  pressure  for  the  probe  model.  The  purposes  of  the  pre¬ 
sent  study  are  two  fold:  (1)  to  understand  the  physics  of 
transition  from  transient  to  steady  state  base  flow;  and 
(2)  to  provide  code  verification  for  a  computer  study  with 
the  Illlac  IV.  The  transient  base  flow  interactions  inclu¬ 
ded  a  series  of  shock  diffraction,  regular  and  Mach  reflec¬ 
tions  coupled  with  boundary  layer  development,  separation 
and  recompression.  Underlying  these  major  features  are 
the  generation  and  subsequent  transport  of  vorticity.  The 
Reynolds  and  Mach  numbers  enter  as  scaling  factors  and  thus 
contribute  to  configuring  the  near-wake  geometry  which  is, 
in  turn,  related  to  the  base  pressure.  Quantitative  verifi¬ 
cation  of  the  computer  code  included  comparisons  of  trans¬ 
ient  pressure  and  density  fields,  near-wake  geometries  and 
bow  shock  stand-off  distances.  Validity  and  predictive 
power  of  the  computer  outputs  were  found  to  be  satisfactory. 

INTRODUCTION 

Supersonic  base  flow  behind  bluff  bodies  is  a  much-studied  phenomenon 
(Refs.  1-3)  which  includes  viscous  and  turbulent  flow  interactions  in  the  pre¬ 
sence  of  a  complex  fluid  pressure  configuration.  Extension  of  existing  limited 
knowledge  to  the  base  and  wake  flows  associated  with  the  Galileo  Probe  as  it 
penetrates  the  Jovian  atmosphere  (Ref.  4)  introduces  still  further  problems 
stemming  especially  from  radiative  heat  transfer  and  massive  ablation.  Suit¬ 
able  scaling  parameters  which  serve  as  guides  for  experiments  cannot  be 
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formulated  in  any  straightforward  way.  Partly  for  these  reasons  a  major  empha¬ 
sis  of  current  research  consists  of  advanced  computer  simulation  programs  be¬ 
ing  developed  at  the  NASA-Ames  Research  Center  and  other  laboratories  as  well. 

A  goal  of  the  experiments  described  here  was  to  obtain  data  for  purposes  of 
code  verification. 

The  present  study  deals  with  the  transient  base-flow  processes  generated 
by  the  passage  of  a  strong  shock  wave  over  two-dimensional  bluff  bodies.  It 
includes  the  asymptotic  approach  to  steady  state.  Measurement  methods  were 
nonintrusive  and  included  both  the  interferometric  and  schlieren  techniques. 

The  observations  and  results  not  only  shed  light  on  the  relative  importance  and 
interrelation  of  major  physical  parameters,  but  the  use  of  a  nonsteady  flow 
field  also  provides  a  more  vigorous  verification  of  the  computational  formula¬ 
tion  in  which  time  is  used  as  an  independent  parameter  again  with  an  asymptotic 
approach  to  steady-state.  The  present  paper  deals  both  with  a  description  and 
assessment  of  the  experimental  findings,  as  well  as  a  comparison  with  predic¬ 
tions  of  the  numerical  code. 

EXPERIMENTAL  METHOD 

The  experiments  were  conducted  in  a  5 cm  x  5cm  inner  cross-section  cold 
helium-driven  shock  tube.  In  addition  to  generating  the  transient  flow 
patterns  desired,  the  shock  tube  flow  provides  some  thermal  simulation  for 
outer  planet  entry  flows  where  the  heating  rate  is  an  important  scaling  factor. 
The  stagnation  enthalpy  level  of  the  "free  stream  conditions"  behind  the  inci¬ 
dent  shock  is  of  the  order  of  4  MJ/Kg,  much  higher  than  the  0.6  MJ/Kg  in  typi¬ 
cal  wind  tunnels  and  the  1  MJ/Kg  in  free  flight  tests. 

Photographic  data  are  taken  with  Mach-Zehnder  interferometry  and  schlieren 
arrangements  which  make  use  of  a  capacitor-charged  spark  light  source  triggered 
through  a  variable  delay  circuit.  Platinum  thin-film  heat  gauges  mounted  at 
the  test  section  measure  the  incident  shock  speeds  from  which  free  stream 
equilibrium  conditions  are  deduced.  At  the  benchmark  test  conditions  with  ni¬ 
trogen  as  the  test  gas,  these  conditions  are: 

P^  ■  30  torr;  P^  »  1,000  psi;  Mg  »  5.70;  M2  ”  *  1.836; 

Re  ■  4.4  x  10^ 

00 

where  the  partial  vibrational  excitation  of  N£  in  the  test  region  has  been 
taken  into  consideration. 

Plane  bluff  bodies  of  two  different  profile  shapes  are  used  as  test 
models.  One  is  a  half-circular  cylinder  (herein  called  the  'half-cylinder ' ) , 
which  represents  the  geometrically  (though  not  aerodynamically)  simplest  case. 
The  other  is  a  model  with  the  profile  shape  of  the  Galileo  probe  (Fig.  3). 

The  latter  differs  aerodynamically  from  the  former  in  that  its  forebody  flow 
is  less  rotational  and  consists  of  a  weaker  expansion  around  the  shoulder  than 
that  of  the  half-cylinder;  and  the  presence  of  its  afterbody  gives  rise  to  some 
boat-tailing  effects.  As  will  be  discussed  in  the  next  section,  both  factors 
contribute  to  a  higher  base  pressure  for  the  probe  model,  which  is  about  5% 
(about  2%  for  the  half -cylinder)  of  its  front  stagnation  point  pressure. 

Quantitative  density  field  data  are  converted  directly  from  fringe-shift 
measurements  of  the  2D  inter ferograms.  Then,  with  the  help  of  appropriate 
assumptions  regarding  the  temperature ,  the  pressure  level  on  the  body  surface 
and  the  wake  axis  can  be  deduced.  The  schlieren  records  complement  the  inter- 
fero grama  in  flow  visualisation,  and  are  able  to  reveal  rather  unique  details 
of  the  transient  interactions  of  the  wave  fronts  in  the  wake.  Such  semi- 
quantitative  results  include  measurements  of  several  macroscopic  features  and 
geometric  properties  which  provide  additional  data  for  comparison  with  the 
numerical  results. 
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EXPERIMENTAL  RESULTS  AND  ASSESSMENT  OF  THE  TRANSIENT  BASE  INTERACTIONS 

Figures  la,  b  and  c  are  the  schlieren  records  of  two  typical  transient 
and  the  asymptotic  steady  state  base  flow  fields  for  the  half-cylinder ,  res¬ 
pectively.  The  complexity  of  the  transient  interactions  is  immediately 
apparent.  In  what  follows,  we  highlight  a  few  of  the  more  interesting  pro¬ 
cesses  and  focus  on  the  physical  insight  derived  from  the  discussion  about 
them.  We  shall  base  our  discussion  primarily  on  the  half-cylinder  model. 

When  the  incident  shock  front  first  hits  the  body  it  reflects  from  the 
surface  first  in  a  regular  and  then  in  a  Mach  reflection.  The  reflected  shock 
then  stabilizes  to  become  the  bow  shock  around  the  forebody  in  the  steady 
state.  When  the  Mach  stem  of  this  triple  shock  configuration  reaches  the  90° 
comer,  it  veers  away  from  the  body  in  very  much  a  separation-like  manner  as 
is  the  case  with  the  onset  of  the  Mach  reflection.  Since  the  initial  process 
is  self-similar  with  no  length  scales  involved,  the  locus  of  the  triple  point 
Z  is  a  straight  line  (Fig.  2a).  The  contact  surface  marked  C.S.l  which  evolves 
directly  out  of  the  original  contact  surface  trailing  behind  the  Mach  stem, 
also  remains  remarkably  straight  except  for  its  lower  portion  which  is  bent 
backwards  due  to  the  streamlines  turning  inward  to  "feed"  the  diffracting  shock 
Sth  .  Note  also  that  the  so-called  "compression  band"  C  indicated  on  Fig.  2a 
is  an  inherent  feature  of  the  shock  diffraction  process,  resulting  from  the 
reflection  of  the  shoulder  expansion  waves  from  the  shock  front.  It  turns  out 
that  this  compression  zone  plays  the  key  role  in  the  formation  of  the  most 
striking  features  in  the  flow  establishment  process  —  the  strong  vortex 
pairs  —  as  discussed  below. 

As  we  trace  the  further  development  of  the  diffracting  shock,  the  latter 
eventually  collides  at  the  central  axis  with  its  counterpart  from  the  other 
side  of  the  symmetrical  flow  field.  Another  regular  reflection  ensues,  this 
time  of  two  equal  cylindrical  shocks.  The  downstream  point  of  reflection  also 
develops  into  yet  another  Mach  reflection  (Fig.  2b)  later  on.  Thus,  two  and 
then  tnree  more  zones  are  added  to  the  already  complex  flowfield.  Gases  in 
regions  5,  6  and  7  separated  by  C.S.l  and  C.S.2  are  in  order  of  decreasing 
density,  as  they  have  been  processed  by  3,  2  or  1  shocks  respectively.  Close 
to  the  body  in  region  5a,  that  part  of  the  reflecting  cylindrical  shock  which 
passes  through  the  shear  layer  and  attaches  itself  eventually  to  the  separa¬ 
tion  point  of  the  shear  layer  at  the  shoulder,  becoming  a  weak  secondary  lip 
shock.  Between  regions  5a  and  5b  is  found  the  'neck'  or  recompression  zone, 
where  the  reflecting  shock  coalesces  with  the  compression  band  C  to  form  an 
even  stronger  compression  wave.  The  latter  straightens  out  later  on  to  become 
the  trailing  recompression  shock  in  the  steady  state  configuration. 

Now,  a  fluid  particle  in  the  shear  layer  carries  with  it  a  certain  amount 
of  vorticity.  As  it  negotiates  the  adverse  pressure  gradient  of  the  recom¬ 
pression  zone  just  mentioned,  its  vorticity  concentration  will  be  increased 
suddenly.  Such  behavior  is  predictable  if  we  consider  the  RHS  terms  of  the 
vorticity  equation  written  out  for  the  case  of  2D  flow  with  constant  viscosity: 

no  2 

jjj-  *  ft  div  u  +  grad  (■—)  x  div  o  +  v  V  !1  (1) 

where  the  symbols  have  their  usual  meanings  and  £  is  the  total  stress  tensor. 
Such  a  process  of  vorticity  concentration  is  believed  to  be  responsible  for  the 
sudden  appearance  of  the  big  curled-up  vortices  VI  and  V2  in  Fig.  2b. 

A  further  insight  can  be  gained  from  consideration  of  the  global  evolu¬ 
tion  of  the  vorticity  field.  As  the  incident  shock  passes  over  the  model  and 
the  flow  is  instantaneously  started,  the  forebody  surface  can  be  viewed  basic¬ 
ally  as  a  vorticity  generator.  Part  of  this  vorticity  generated  is  ’fed'  by 
diffusion  through  the  shear  layer,  into  the  recirculating  core  and  then  into 
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the  back  face  of  the  half-cylinder .  The  latter  is  a  vorticity  sink,  i.e.,  a 
source  of  negative  sign  in  relation  to  the  forebody  surface.  Before  reaching 
steady  state,  some  entrained  mass  in  the  shear  layer  is  also  turned  back  at  the 
neck  and  fed  into  the  growing  recirculating  core  —  mass  which  carries  vortic¬ 
ity  with  it.  In  other  words,  vorticity  is  being  transported  from  the  front 
surface  to  the  back  surface  by  both  diffusion  and  convection  in  the  transient 
state  and  mainly  by  diffusion  in  the  steady  state.  The  rest  of  the  vorticity 
generated  is  convected  downstream  through  the  neck  and  recompression  shock. 

In  the  transient  phase  such  transport  feeds  the  vortex  pair  VI,  and  in  the 
asymptotic  state  it  contributes  to  the  ever-extending  inner  viscous  wake  ad 
infinitum. 


One  more  perspective  is  yet  possible  if  we  trace  the  vorticity  "content" 
of  a  fluid  element  as  it  traveled  its  course  from  the  bow  shock  to  the  wake. 
First,  let  us  rewrite  eqn.  1  for  the  2D  case  with  p  =  0  : 


+  ft  div  u 


1  3_p 
P^3  y 


(2) 


where  for  simplicity  we  have  assumed  that  the  pressure  gradient  is  only  in  the 
x-direction. 


Write  out  also  the  equation  for  the  mass  flux  under  similar  assumptions: 


D(pu) 

Dt 


+  (pu) 


div  u  +  =  0 

dx 


(3) 


By  comparing  equations  (2)  and  (3),  we  recall  that  ft  is  analogous  to 
pu  ,  the  mass  flux,  in  that  they  are  governed  by  similar  transport  equatlws. 
(Note  that  adding  the  viscosity  term  vV2ft  to  (2)  and  pVu  to  (3)  does  not 
affect  the  analogy.) 


In  the  study  of  ID  supersonic  flow  such  as  that  in  a  Laval  lozzle,  we 
visualize  a  tube  within  which 


puA  =  const.  (4) 

Thus,  here  we  can  also  visualize  a  hypothetical  "vorticity  tube"  within  which 
ftA*  =  const.  (5) 

Thus  a  narrowing  of  the  "tube"  results  in  an  increase  of  ft  and  vice  versa. 

The  question  arises  as  to  what  constitutes  a  "wall"  for  the  vorticity 
tube.  It  should  be  the  boundary  at  which  vorticity  tends  to  zero  and  within 
which  the  vorticity  of  the  flow  is  confined.  The  outer  edge  of  a  boundary 
layer  would  be  such  a  line,  and  so  would  be  lines  of  symmetry  of  velocity  pro¬ 
files.  A  solid  surface,  however,  would  not  be  a  vorticity  tube  boundary  but 
rather  a  line  source,  of  vorticity  analogous  to  a  porous  wall  with  blowing  or 
suction  in  the  case  of  mass  flow  in  a  real  tube. 

Figure  3  is  another  schematic  of  the  flow  field  around  the  Galileo  probe 
model.  The  dotted  line  is  the  "system  boundary"  of  a  control  volume  through 
which  a  fluid  element  of  the  "entrained  mass"  will  pass.  It  can  be  chosen  to 
coincide  approximately  with  the  wall  of  a  vorticity  tube  except  that  stations 
4-5  and  7  must  be  considered  "porous  walls"  through  which  vorticity  diffuses. 

Aa  the  fluid  element  proceeds  along  the  vorticity  tube,  each  numbered  station 
locates  a  physical  Influence  by  which  the  fluid  element  is  "processed",  affect¬ 
ing  in  particular  its  vorticity  content.  Any  process  that  "stretches"  a 
velocity  profile  or  thins  the  shear  layer  results  in  an  accompanying  narrowing 
of  the  vorticity  tube.  Furthermore,  a  lower  Re^  means  a  thickening  of  the 
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shear  layer  and  vortlcity  tube  width,  and  that  results  in  a  wider  neck.  This 
is  indeed  what  was  observed. 

Now,  a  thinning  of  the  shear  layer  results  in  an  increase  of  the  viscous 
stress  exerted  by  it  on  the  core.  The  mass  entrainment  or  scavenging  of  stag¬ 
nant  fluid  from  the  core,  i.e.,  (m)scav  is  thus  increased  as  well.  Recalling 
a  useful  concept  proposed  by  Chapman  (Ref.  5)  as  summarized  in  Fig.  4,  we 
view  formation  of  the  steady  core  as  a  balance  between  (&)scav  and  (&)rev  > 
where  (m)rev  is  the  mass  flow  rate  of  the  reversed  flow  in  the  core. 

The  former  is  proportional  to  Peue  as  well  as  to  while  (m)rev  is  pro¬ 

portional  to  pn  -  Pb  •  Now  p£u  and  ^mjx  are  both  large  if  the  base 
pressure  Pt,/Pn  *s  higher.  Thus  (m)scav  and  (m)rev  follow  opposite 
trends  and  their  intersection  on  Fig.  4b  represents  the  equilibrium  point. 
Increasing  Q  at  the  inner  edge  of  the  shear  layer  shifts  the  mgcav  curve 
up  and  results  in  a  lower  ,  a  shorter  !mix  and  a  larger  shear  layer 
angle  6  . 

Hence,  the  effects  of  increasing  Moo  ,  of  increasing  Repo  ,  of  the  re¬ 
placing  of  a  straight  wedge  forebody  with  a  circular  forebody,  and  of  the  re¬ 
moval  of  boat-tailing  are  qualitatively  equivalent.  They  all  increase  the  vor- 
ticity  concentration  of  the  free  shear  layer.  (Increasing  is  equivalent 

to  inreasing  the  rate  of  vorticity  generation.)  Note  that  all  these  arguments 
are  for  the  low  supersonic  range  (1 <  Moo<5)  and  moderate  Reynolds  number 
(Reoo  <  1()6).  For  hypersonic  flow  and  in  a  higher  Reynolds  number  range,  new 

mechanisms  set  in  which  can  reverse  the  way  in  which  the  parameters  influence 
the  phenomena  (see  data  in  Ref.  2). 

VERIFICATION  OF  THE  NUMERICAL  CODE 

The  objectives  of  this  code  verification  are  fivefold;  namely,  to  evaluate 

1.  the  accuracy  of  the  transient  solutions  vs.  the  asymptotic  state  results; 

2.  the  global  satisfaction  of  the  governing  equations  —  the  "macroscopic" 
features; 

3.  the  fine  resolution  —  the  "microscopic"  details,  e.g. ,  vortex  formation; 

4.  the  variation  of  flow  geometries  with  parameters,  hence,  the  code's  pre¬ 
dictive  power  for  engineering  purposes;  and, 

5.  the  actual  values  of  the  thermodynamic  variables  -  a  test  of  the  fitness 
of  the  physical  modeling,  e.g.,  the  validity  of  the  ideal  gas  equations, 
state  equations,  heat  transfer,  and  viscosity/turbulence  model,  etc. 

The  computer  code  used  for  this  study  was  developed  by  Wray  (Ref.  6)  at 
NASA-Ames  Research  Center  and  is  one  of  the  few  modern  entire  flow-field  numer¬ 
ical  codes  that  are  considered  fully  developed  and  operational.  The  code  is 
flexible  in  its  capability  to  accommodate  reasonably  simple  body  shapes  of  ar¬ 
bitrary  geometry,  and  in  its  ability  to  handle  both  2D  and  axisymmetric  cases 
with  or  without  a  sting.  The  ranges  of  Mach  and  Reynolds  numbers  for  which  it 
is  most  suited  also  overlap  with  those  of  the  present  experimental  setup.  The 
code  solves  the  full  Navier-Stokes  equations  without  making  any  simplifications 
of  the  equations  such  as  thin  layer  approximations,  and  is  thus  equally  valid 
in  all  regions  of  the  flow  field.  It  is,  therefore,  superior  for  base  flow 
calculations  where  many  different  flow  regimes  are  involved  and  is  superior  in 
its  versatility  as  no  fundamental  changes  are  necessary  from  problem  to  problem. 

Figure  5  shows  comparisons  of  some  of  the  transient  geometrical  properties 
of  the  flow  configuration  obtained  from  calculation  and  experiment,  respect¬ 
ively.  The  bow  shock  stand-off  distance  is  an  extremely  sensitive  function  of 
the  flow  Mach  number  at  the  low  supersonic  ranges.  The  agreement  for  the  half¬ 
cylinder  case  is  thus  very  good.  However,  at  early  to  intermediate  times  the 
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experimental  values  for  5  are  higher  than  the  numerical  ones  because  the 
degree  of  vibrational  excitation  in  the  real  gas  flow  behind  the  incident 
shock  has  not  reached  equilibrium.  I.e.,  the  instantaneous  value  of  the 
specific  heat  ratio  y  is  higher  than  the  steady-state  value,  y(t)  >  yss  , 

Mo,  (t)  <  Moo>Ss  »  and  <5(t)  >  6SS  .  Furthermore,  the  transient  numerical 
results  show  that  even  for  values  of  the  nondimens ional  time  T"  >  25  ,  when 
the  wake  features  have  more  or  less  reached  steady  state,  the  bow  shock  stand¬ 
off  distance  is  still  growing,  but  very  slowly.  This  means  that  for  our  avail¬ 
able  test  time  in  the  shock  tube,  the  flow  has  not  quite  reached  steady  state 
for  the  entire  flew  field  even  though  the  wake  features  seem  to  have  stabil¬ 
ized.  On  the  same  figure,  the  discrepancy  of  the  curve  for  the  probe  model 
reflects  the  sensitivity  of  6  to  changes  in  the  forebody  shape.  The  cause 
of  discrepancy  may  be  due  to  the  basic  difference  in  overall  forebody  shape, 
or  it  may  be  due  to  inaccuracy  in  machining  the  nose  radius  of  the  probe 
model. 

The  somewhat  poorer  agreement  between  computation  and  experiment  in  the 
wake  neck  geometry  is  again  attributable  to  real  gas  effects,  a  variable  y  . 
The  flow  in  the  neck  has  gone  through  a  strong  expansion  and  then  recompress¬ 
ion,  and  the  level  of  vibrational  excitation  for  the  gas  can  be  expected  to 
vary  to  a  non-negligible  extent  from  point  to  point  away  from  the  constant 
free  stream  equilibrium  value  assumed  for  the  calculations  (y  =  1.354).  The 
computer  code  used  is  capable  of  accounting  for  a  variable  y  in  equilibrium 
without  dissociation  (but  not  for  nonequilibrium),  i.e.,  due  to  changes  in 
temperature,  and  effort  is  currently  underway  to  adopt  this  feature  into  the 
program. 

Figure  6  shows  comparisons  of  the  transient  density  development  along  the 
body  surface  and  the  wake  axis.  We  note  that  the  overall  macroscopic  level  of 
the  density  compares  very  well .  The  agreement  carries  through  to  the  steady 
state  and  is  true  also  for  the  pressure  distribution  (Fig.  7)  thus  testifying 
to  the  basic  validity  of  the  code  and  the  governing  equations  employed  (equa¬ 
tion  of  state,  Sutherland's  formula  for  viscosity,  etc.).  It  also  proves  the 
correctness  of  the  temperature  assumptions  in  reducing  the  experimental  data 
(i.e.,  isentropic  for  forebody  and  base  surface,  and  T  =  Tstag  f°r  wa'ce  axis) 
to  pressure  curves.  We  also  see  two  major  discrepancies.  Firstly,  in  local¬ 
ized  regions  of  sharp  changes  in  density  gradients  (i.e.,  large  second  deriva¬ 
tives),  especially  those  that  involve  a  sign  reversal  of  the  gradient  such  as 
on  the  back  of  the  half-cylinder,  numerical  calculations  exhibit  much  over¬ 
shoot/undershoot  in  the  distribution  curves  as  compared  to  experimental  values. 
Such  disagreement  is  readily  understandable  from  two  facts.  Firstly,  since  no 
mathematically  sharp  corner  exists  in  reality,  localized  discontinuities  are 
always  smeared  out.  Also,  the  resolution  of  optical  measurements  and  the 
manual  conversion  of  photographic  data  to  numerical  data  tend  to  smooth  out 
very  sharp  gradients.  On  the  contrary,  such  localized  disturbances  are  often 
exemplified  or  even  amplified  in  finite  difference  computations  whether  they 
are  real  or,  as  is  more  likely,  stem  from  truncation  errors. 

The  second  discrepancy  is  that  the  computational  results  fail  to  reveal 
some  transient  features  of  intermediate  to  small  size  that  are  easily  disting¬ 
uishable  on  the  photographic  records,  in  particular  the  big  vortex  pairs  in  the 
transient  phase.  These  vortices,  despite  their  significant  size,  can  be  con¬ 
sidered  'microscopic'  features  of  the  transient  flow  field  and,  as  previously 
discussed,  trace  their  origin  to  the  singular  point  or  line  sources  of  vor- 
ticity  which  have  been  greatly  amplified  by  the  physical  flow  processes.  The 
incapability  of  the  numerical  scheme  to  model  such  microscopic  developments 
having  an  infinitesimal  origin  and  their  subsequent  amplification  is  typical  of 
finite  difference  approximations.  For  instead  of  a  continuum,  grid  cells  of  a 
finite  size  are  used,  and  local  averaging  and  artificial  stabilizing  schemes 
are  a  necessary  part  of  the  mathematical  discretization  model. 
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Fig.  6.  Comparisons  of  transient 
density  distributions  along  body 
surface  and  wake  axis. 
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Fig.  7.  Comparisons  of  transient 
pressure  distributions  along 
body  surface  and  wake  axis. 
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The  representative  density  gradient  computer  map  shown  in  Fig.  8  confirms 
the  remarks  just  made.  The  prominent  vortices  visible  in  the  schlieren  re¬ 
cords  fail  to  show  up  in  the  computational  results,  though  the  steady  state 
features  such  as  the  bow  shock  and  trailing  shock  as  well  as  the  shear  layer 
are  well-modeled.  The  very  weak  lip  shocks  are  also  absent  from  the  computa¬ 
tional  results,  pointing  to  the  incapability  of  the  numerical  code  to  resolve 
small  localized  changes  in  the  thickness  of  the  boundary  layer  which  are  be¬ 
lieved  to  be  responsible  for  the  formation  of  the  lip  shocks.  If  spatial 
resolution  of  the  computer  code  is  improved  by  decreasing  the  size  of  the  grid 
cells,  or  the  runs  are  made  at  lower  Reynolds  numbers  with  correspondingly 
thicker  boundary  layers,  the  lip  shock  (which  has  a  finite  magnitude)  may 
eventually  show  up  in  the  computational  results,  although  the  vortices  (which 
has  an  infinitesimal  origin)  still  may  not. 

Finally,  we  note  that  in  the 
wake  the  numerical  values  of  den¬ 
sity  are  consistently  higher  than 
the  experimental  ones ;i.e. , there 
is  less  mass  entrainment  from  the 
core.  Again,  this  is  evidently 
due  to  a  lower  real  gas  value  for 
the  specific  heat  ratio  y  in  the 
base  region  than  the  constant 
value  assumed  for  computation, 
which  results  in  a  larger  M°°  and 
hence  density.  The  calculated 

Fig.  8.  Typical  computer  density  gradient  mapPressure  on  the  wake  axis’  how_ 

ever,  is  lower  than  that  deduced  experimentally  by  assuming  T  =  Tstag,  reflect¬ 
ing  the  fact  that  the  actual  wake  axis  temperature  is  somewhat  lower  than  the 
latter.  This  situation  is  only  reasonable  since  heat  must  have  been  conducted 
away  from  the  stagnation  streamline  whose  enthalpy  level  is  correspondingly 
lowered . 

SUMMARY  AND  CONCLUSIONS 

The  photographic  data  obtained  in  the  experimental  part  of  this  study 
shows  that  the  transient  base  flow  establishment  process  is  a  complex  one  in¬ 
volving  multiple  wave  interactions.  The  influence  of  all  major  physical  and 
geometrical  parameters  on  the  base  and  neck  pressures,  however,  can  be  under¬ 
stood  qualitatively  in  the  light  of  vorticity  generation  and  transport.  Though 
the  present  studies  were  done  with  2D  models  to  obtain  better  sensitivity  in 
the  optical  studies,  tests  with  axisymmetric  models  can  be  similarly  carried 
out,  preferably  with  larger  shock  tubes. 

The  experimental  data  also  confirm  the  basic  soundness  of  Wray's  code  for 
supersonic  flows.  Both  its  global  validity  in  satisfying  the  governing  equa¬ 
tions  and  its  time-accuracy  have  been  demonstrated.  Some  microscopic  features 
fail  to  be  resolved  and  some  unwarranted  localized  numerical  fluctuations  are 
present;  they  are,  however,  of  secondary  significance  for  engineering  purposes. 
Furthermore,  the  insight  gained  from  analysis  of  the  transient  phenomena  en¬ 
ables  us  to  extend  the  numerical  simulation  with  more  confidence  to  regimes  of 
high  Mach  number  flows,  ones  that  are  closer  to  the  actual  outer  planet  entry 
flight  conditions. 
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The  possibility  of  amplifying  non  linear  standing  waves  in  a 
cylindrical  cavity,  closed  at  one  end,  with  a  sudden  change  in 
cross  section  is  studied  both  theoretically  and  experimentally. 
The  oscillations  are  driven  by  a  jet  directed  towards  the  open  ena 
of  the  cavity.  A  simplified  wave  diagram  is  constructed  which 
provides  a  scheme  to  find  the  amplification  ratio  tt  at  large 
amplitude.  In  the  limiting  case  of  strong  shocks,  tt  is  found 

2Koo 

1  where  -  0.4  for  >  =  1.4.  Agreement  bet¬ 
ween  theoretical  and  experimental  values  of  n  is  good. 

A  pressure  amplitude  as  high  as  28  bars  at  the  cavity  end  wall 
has  been  recorded  when  the  oscillations  are  driven  by  an  air 
jet  at  Mach  2  and  with  D^/D^  =  6. 


to  be  (D^/D^V 


1.  INTRODUCTION 

1  2 

At  two  previous  symposia  ’  ,  we  have  shown  the  possibilities  offered 
by  a  new  configuration  of  the  Har tmann-Sprenger  tube  (in  short  :  H.S.-tube), 
the  "needle"  generator.  This  device  enables  one  to  obtain  oscillations  of 
optimal  amplitude  in  a  cavity  driven  by  a  jet,  both  in  the  subsonic  and  in 
the  supersonic  regime.  For  a  cylindrical  cavity  of  constant  cross  section, 
the  amplitude  of  the  pressure  oscillations  is  approximately  equal  to  2yM .  p  , 
where  y  represents  the  specific  heat  ratio,  M.  the  Mach  number  of  the  dr i-  3 
ving  jet  and  p  the  ambient  pressure.  For  som^  applications,  it  is  necessary 
to  increase  this  amplitude  by  using  cavities  of  varying  cross  section.  This 
has  previously  been  done  with  conical,  trapezo'idal  or  stepped  cavities3>^> 5. 
Here,  a  new  configuration  is  considered,  as  shown  in  Fig.  1. 


Fig.l.  H.S.  tube  with  sudden  constriction 

A  possible  operating  mode  of  the  device  is  one  in  which  the  2  cavities 
are  "tuned",  cavity  I  resonating  at  a  quarter  wave-length  and  cavity  II  at  half 
wave-length . 

The  purpose  of  the  present  paper  is  to  study  both  theoretically  and  ex¬ 
perimentally  the  amplification  of  the  waves  due  to  the  change  in  cross  sectio¬ 
nal  area. 
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2.  THEORY 

2.1.  Linear  theory 


By  making  the  usual  linear  acoustic  approximation,  the  propagating  wa¬ 
ves  in  cavity  I  and  II  are  respectively  of  the  form 


p  =  A  e 


ikz 


+  B  e 


-ikz 


II 
P  , 


C  e 


ikz 


+  D  e 


-ikz 


(1) 

(2) 


where  z  represents  the  axial  coordinate,  measured  from  the  step  in  cross 
section,  and  A,B,C,D  are  constants  determined  from  the  boundary  conditions. 

This  case  has  been  treated  in  detail  by  Elaouazi^.  It  is  found  that  two  possi¬ 
ble  modes  exist.  The  1st  one,  with  k£  =  rr/2,  leads  to  an  amplification  ratio 

_  i  1 

of  the  pressure  equal  to  s  (s^  =  ^2^1^'  one>  with 

k£^  =  arctg  (1/1  +  2  gives  an  amplification  ratio  equal  to  (l+s^/Si^' 


2.2.  Non linear  theory 

When  the  oscillations  are  driven  by  a  high  speed  jet,  the  pressure 
amplitude  is  very  important  (several  bars).  It  would  therefore  be  useless  to 
start  from  the  acoustic  theory,  taking  higher  order  terms  into  account.  It  is 
much  better  to  use  a  simplified  wave  diagram  and  the  velocity/speed  of  sound 
diagram  ,  as  was  done  with  success  for  cylindrical  cavities  with  constant 
areal .  Among  other  things,  this  approach  enables  one  to  show  the  existence  of 
a  limit  cycle  for  the  oscillations  and  to  get  a  good  estimate  of  the  pressure 
amplitude.  For  the  configuration  studied  in  the  present  paper,  a  possible 
simplified,  limit  cycle  is  drawn  on  Fig.  2  for  the  case  =  2  £^ .  The  shock 
wave  produced  by  the  penetration  of  the  exciting  jet  in  the  cavity  is  reflec¬ 
ted  at  the  junction.  The  reflected  shock  wave  moves  towards  the  cavity  mouth 
and  is  reflected  as  an  expansion  wave  which  in  turn  is  reflected  at  the  junc¬ 
tion.  The  reflected  expansion  wave  moves  towards  the  cavity  mouth  and  as  it 
arrives  there  a  shock  wave  is  produced  by  the  driving  jet  and  a  new  cycle 
begins.  From  these  considerations,  it  can  be  said  that  the  wave  motion  in 
the  upstream  cavity  is  essentially  the  same  as  in  a  conventionnal  H.S.-tube 
of  length  £. .  In  the  downstream  cavity,  a  shock  wave  (which  originates  from 
the  incident  shock  wave  of  the  upstream  cavity  in  the  starting  process)  moves 
towards  the  end  wall  and  is  reflected  as  a  shock  wave. This  reflected  shock 
wave  moves  towards  the  junction  and  arrives  there  at  the  same  time  as  the  inci¬ 
dent  shock  wave  of  the  upstream  cavity  does.  These  two  shocks  collide  and  are 
reflected  as  shocks. With  this  possible  mode,  the  junction  represents  a  velo¬ 
city  node  and  acts  like  a  wall.  In  the  downstream  cavity  therefore,  the  waves 
do  not  change  sign  at  both  ends.  This  implies  that  expansion  waves  should 
occur  between  shocks  to  reduce  the  pressure  between  the  passage  of  the  shocks. 
These  expansion  waves  are  drawn  in  the  diagram  with  half-a-period  phase  shift 
relative  to  the  shocks.  The  dotted  lines  indicate  the  particle  motion  and  the 
various  fields  are  numbered.  ,TY.e  corresponding  velocity /sound-speed  diagram 
for  the  downstream  cavity  is  shown  on  Fig.  3. 

To  study  the  neighbourhood  of  the  junction  jn  more  det^l,  the  cross 
section  is  supposed  to  vary  continuously  from  area  S  to  area  Stover  a  dis¬ 
tance  short  compared  to  the  wave  length.  The  wave  diagram  in  this  area  is 
sketched  in  Fig.  4. 
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For  strong  shocks,  the  evolution 
of  M  in  a  duct  of  varying  cross 
section  is  given  by  Chester®  as 


M  -v  D 
c 


— Koo 


(4) 


where 
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1/2 


-2{|>{7<FIT  1  3 

o  1/2.' 
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2  (Y-l) 
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-l 

]} 


with  Km  =  0.4  for  y  =  1.4. 

Using  Eq.(3)  and  (4)  it  is  easily 
shown  that 


c  D  Koo 

M  VD  ' 

C1  2 


(5) 


Fig.  4.  Wave  diagram  at  the  junction 


where  M  and  M  represent  the  shock  Mach  number  in  cavities  I  and  II,  away 
C1  C2 

from  the  junction.  With  the  help  of  various  relations  for  strong  shocks,  we 
eventually  get  for  the  pressure  amplification  ratio 


32  °1  2K-  1  Kcc 

-  =  (-i)  =  ( ~ ) 


(6) 


71  =  (- - ) 

12 


0.4 


12 


for  y  =  1.4 


It  is  observed  that  the  theoretical  amplification  ratio  is  substantially  smaller 
for  high  amplitude  than  for  small  amplitude  waves.  (See  paragraph  2.1) 

3.  EXPERIMENTS 

3.1.  Experimental  set-up 

The  experimental  set-up  consisted  of  a  nozzle,  with  a  needle  mounted  on 
its  axis,  facing  a  cavity  with  a  change  in  cross  section  (Fig.  5),  The  length 
2  of  the  downstream  cavity  could  be  changed,  so  as  to  vary  the  parameter 

vv 

The  following  dimensions  were  used  in  the  experiments 

*  18  mm  (same  as  nozzle  exit  diameter) 

D„  ~  9  mm,  6  mm,  3  mm 

r  *  80  mn 

2.1  =  80  to  170  mm 
2 


a 


0°,  15°,  30°,  45° 


(see  Fig.  4) 


*  For  the  runs  with  a  supersonic  exciting  jet,  the  needle  was  shaped  so  as  to 
form  a  converging-diverging  nozzle  and  so  as  to  get  a  correctly  expanded  jet. 


I 


I 
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Fig.  5.  Experimental  set-up 

A  :  pressured  air  supply  ;  M  :  manometer  ;  N  :  nozzle  ; 

0  :  optical  bench  ;  :  upstream  cavity  ;  C  :  downstream  cavity  ; 

J  :  joining  section 


The  pressure  was  measured  at  different  stations  along  the  cavity  as  shown  on 
Fig.  6,  with  Kistler  gauges  601  A  and  piezoceramics. 

3.2.  Influence  of  geometrical 
parameters 


A  great  number  of 
tests  were  run  and  are  reported 
in  Ref.  6  to  determine  the  influ¬ 
ence  of  several  geometrical  para¬ 
meters  on  the  pressure  amplitude 
(distance  between  nozzle  exit  and 
cavity  mcuth,  length  ratio 
angle  a  of  joining  section,  area 
ratio  Sj/S^) . 

3.3.  Pressure  fluctuations 

At  low  Mach  number,  the 
pressure  fluctuations  at  various 
points  in  the  downstream  cavity 
correspond  to  the  acoustic  pressure 
distribution,  that  is,  a  pressure 
node  is  observed  at  midlength  whereas 
pressure  anti  -  nodes  are  observed 
just  downstream  of  the  junction  and 
at  the  endwall.  The  frequencies  mea¬ 
sured  correspond  to  the  1st  solution 
given  by  the  linear  theory. 


As  the  Mach  number  increases, 
deviations  from  the  acoustic  pressure 
distribution  become  larger  and  larger. 

Fig.  6  shows  the  pressures  measured 
for  M.  =  2.  The  pressurawere  recor¬ 
ded  simultaneously  so  that  the  wave  _. 
motion  in  the  cavity  can  be  construe-  8’ 
ted  from  this  recording.  At  the  end  wall  (station  1),  the  pressure  fluctuation 
is  similar  to  the  one  observed  at  the  end  wall  of  a  H.S.  tube  with  constant 
cross  section.  At  station  2,  not  far  from  the  point  for  which  a  pressure  node 


Mjs  2 


a  =30* 


-Bis  2 


t  (ms) 


6.  Pressure  fluctuations 
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should  uccjr  according  to  the  acoustic  theory,  the  pressure  amplitude  is  11.35 
bars  !  This  trace  also  indicates  that  there  is  an  incident  and  a  reflected 
shock  (in  contradiction  with  the  simplified  wave  diagram,  Fig.  2)  and  this 
pressure  fluctuation  is  also  very  similar  to  the  one  observed  in  a  conven¬ 
tional  H.S.  tube  at  this  station.  At  station  3,  these  two  shocks  also  exist, 
the  importance  of  the  reflected  one  being  very  large.  At  station  4,  just 
upstream  of  the  constriction,  the  pressure  distribution  is  similar  to  that  of 
conventional  H.S.  tube  of  length  £ ^ .  It  is  interesting  to  note  that  the  strong 
reflected  shock  observed  at  station  3  completely  vanishes  and  does  not  appear 
in  the  upstream  cavity. 

The  largest  pressure  amplitude  measured  in  our  tests  at  the  end  wall 

was  28  bars  at  M.  =  2  with  D./D  =  6. 

J  12 

3.4.  Pressure  amplification  ratio  ti 

The  main  purpose  of  the  present  paper  was  to  investigate  the  amplifi¬ 
cation  of  large  amplitude  standing  waves  in  a  cavity  with  varying  cross  section. 
Fig.  7  shows  the  pressure  amplification  ratio  n  as  a  function  of  the  diameter 
ratio  for  3  values  of  the  jet  Mach  number.  The  agreement  between  theory  and 
experiments  is  good  for  area  ratios  of  4  and  9,  whereas  the  experimental  value 
is  14  %  lower  than  the  theoretical  one  for  an  area  ratio  of  36. 


Fig.  7.  Amplification  ratio  Ap2/Ap^  as  a 

function  of  the  diameter  ratio  D^/D^ 
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4.  CONCLUSION 

The  present  investigation  has  shown,  both  theoretically  and  experimen¬ 
tally,  which  amplification  of  standing  waves  can  be  obtained  in  a  cavity  with 
a  sudden  change  in  cross  section.  The  amplification  was  found  to  be  smaller 
for  high  amplitude  waves  than  for  acoustic  waves.  The  agreement  between  theore¬ 
tical  and  experimental  values  of  the  amplification  ratio  is  good  for  the  high 
amplitude  waves  produced  by  supersonic  exciting  jets. 
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_ z-The  means  by  which  stable  oscillation  of  the  air  column  in 

-  a  Hartmann- Sprenger  tube  is  initiated  and  maintained  has 
been  explained  satisfactorily  for  the  first  time.  ' — - 
Shadowgraphs  of  the  external  flow  field  obtained  by  syn¬ 
chronous  shadow-photography  and  the  numerical  simulation 
of  the  flow  in  the  tube  have  clarified  the  behavior  of  the 
shock vave  system  in  the  space  between  the  forcing  nozzle  and 
driven  tube,  and  also  how  its  movement  is  related  to  flow 
within  the  tube.  It  is  shown  that  the  fractions  of  the 
periodic  time  occupied  by  well  defined  quasi-steady  inflow 
and  outflow  phases  are  about  22  percent  and  about  32  percent 
respectively.  There  are  two  transient  phases  that  precede 
quasi-steady  inflow  and  quasi-steady  outflow  which  occupy 
about  33  percent  and  13  percent  of  a  period  respectively. 

The  process  of  inflow  is  extremely  stable,  whereas,  that  of 
outflow  is  not  always  stable.  Instability  of  the  outflow 
has  been  found  to  be  due  primarily  to  a  succession  of  weak 
shock  waves  emerging  from  the  tube  as  a  result  of  internal 
wave  action  ontained  between  the  contact  surface  on  the 
one  hand  and  the  closed  end  on  the  other. 

INTRODUCTION 

The  arrangement  known  as  the  Hartmann-Sprenger  tube  (H-S  tube)  comprises 
a  convergent  nozzle  aligned  co-axially  with  a  tube  in  which  the  end  further 
from  the  nozzle  is  closed.  When  an  underexpanded  sonic  jet  is  directed  against 
the  open  end,  a  violent  oscillation  of  the  air  column  in  the  tube  occurs  and  a 
high  temperature  is  produced  at  the  closed  end.  Since  Sprenger  (1)  first  pub¬ 
lished  his  experimental  results  in  1954,  several  investigations  have  been  made 
into  the  oscillatory  behaviour  of  the  flow  and,  in  particular,  into  the  mech¬ 
anism  by  which  a  stable  high  temperature  is  attained;  and  into  the  practical 
application  of  the  temperature  effect  (2). 

It  is  now  well  known  that  the  thermal  effect  is  due  to  irreversible  heat¬ 
ing  by  shock  waves  and  by  wall  friction.  However,  in  order  to  maintain  a  con¬ 
stant  high  temperature,  there  must  be  a  balance  between  the  heat  generated  and 
that  removed.  In  this  connection  it  has  been  shown  in  ref.  (3) ,  that  the  ex¬ 
change  of  mass  in  the  boundary  layer  at  the  contact  surface  between  the,  so- 
called,  indigenous  fluid  and  extraneous  fluid,  is  important. 
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The  mechanism  by  which  stable  oscillation  of  the  air  column  in  the  tube 
is  initiated  and  maintained  has  not  yet  been  satisfactorily  explained.  A  the¬ 
oretical  analysis  by  Kawahashi  and  Suzuki (4)  based  on  linear  theory  has  shown 
that  it  is  a  self-excited  oscillation  due  to  the  existence  of  a  negative  impe¬ 
dance.  The  results  of  experiments  and  theoretical  analysis  using  a  plugged  tube 
or,  what  has  been  described  as,  a  Hartmann- Sprenger  tube  of  zero  length  have 
been  reported  by  other  investigators  (5)  -  (8).  With  this  configuration,  also, 
it  is  known  that  a  stable  oscillation  of  the  flow  field  occurs  when  the  plugged 
tube  is  placed  in  the  underexpanded  jet  at  a  critical  distance  from  the  conver¬ 
gent  nozzle.  But  in  this  case  also  the  mechanism  by  which  the  stable  oscilla¬ 
tion  is  initiated  and  maintained  has  not  been  well  established. 

In  this  paper  the  oscillatory  nature  of  the  flow  in  the  space  between  the 
forcing  nozzle  and  driven  tube  has  been  examined  using  synchronous  shadow 
photography.  The  flow  is  characterized  by  the  presence  of  a  shock-wave  pattei.i, 
or  system.  The  movement  of  this  shock  wave  system  has  been  related  to  the 
periodic  flow  within  the  driven  tube  by  numerical  simulation  of  the  flow  in 
the  tube  using  the  method  of  characteristics. 

EXPERIMENTAL  CONSIDERATIONS 

The  apparatus  used  in  the  experiments  is  shown  schematically  in  Fig.  1. 

Dry  air  is  supplied  to  the  plenum  chamber  in  the  side  of  which  a  convergent 
nozzle  is  fitted.  The  throat  diameter,  d,  of  the  convergent,  or  forcing, 
nozzle  is  0.010  m  and  is  equal  to  the  diameter  of  the  driven  tube  which  is 
0.170  m  long.  The  tube  separation  distance,  l,  is  0.015  m.  The  forcing  nozzle 
is  underexpanded  with  the  ratio  of  the  stagnation  pressure  pt  to  ambient  pres¬ 
sure  p0  equal  to  4.0. 

The  flow  in  the  space  be¬ 
tween  the  forcing  nozzle  and  the 
driven  tube  has  been  visualized 
by  synchronous  shadow  photogra¬ 
phy.  A  pressure  transducer  lo¬ 
cated  in  the  closed  end  of  the 
tube  is  used  to  trigger  the 
light  source  and  also  to  give 
the  pressure-time  history  there. 
Sequences  of  the  shadowgraphs 
are  obtained  at  time  intervals 
equal  to  0.05  ms  throughout  one 
cycle  of  the  oscillation. 
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The  gross  structure  of  the 
underexpanded  sonic  free  jet  is 
cellular  and  the  cell  characteristics  are  dependent  upon  the  degree  of  under¬ 
expansion,  or  upon  the  ratio  pt/Po-  The  variation  of  the  ratio  of  the  cell 
length  to  nozzle  diameter,  A/d,  with  pressure  ratio,  pt/p0,  in  a  free  Jet  is 
shown  in  Fig.  2.  The  spatial  periodicity  of  the  cell  structure  begins  to  be 
disrupted  at  a  pressure  ratio  of  about  3.0  and  when  the  ratio  is  increased  to 
about  4.0  there  is  a  clearly  defined  Mach  reflection  at  the  axis  of  symmetry 
in  the  first  cell.  The  variation  of  the  ratio  of  the  diameter  of  the  Mach  disk 
to  nozzle  diameter,  d^/d,  is  also  shown  in  Fig.  2.  The  shadowgraph  of  the 
first  cell  in  a  free  jet  at  the  pressure  ratio  pt/p0  ~  4.0,  in  the  present 
experiments,  is  shown  in  Fig.  3.  The  well  known  configuration  of  the  Mach 
reflection  consisting  of  the  incident  shock  wave,  or  the  intercepting  shock, 
the  Mach  disk  and  th<7  reflected  oblique  wave  are  clearly  seen  in  that  Figure. 

When  the  driven  tube  is  placed  in  the  jet  of  pressure  ratio  4.0,  and  the 
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FIGURE  3 

nozzle-tube  spacing  adjusted  to  0.015  m  a 
violent  oscillation  of  the  air  in  the  tube 
occurs.  The  nozzle-tube  spacing  of  0.015m 
coincides  approximately  with  the  right 
hand  boundary  of  the  first  cell  as  may  be 
seen  in  Fig.  2.  Under  these  conditions, 
the  observed  frequency  of  the  periodic 
swallowing  and  disgorging  of  the  nozzle- 
jet  by  the  tube  is  434  Hz.,  (periodic 
time  2.30  ms),  and  is  approximately  equal 
to  the  fundamental  resonance  frequency  of  the  tube.  Typical  shadowgraphs  which 
reveal  the  characteristic  features  of  the  flow  field  between  the  nozzle  exit 
and  open  end  of  the  driven  tube,  in  a  sequence  of  events  within  one  such  cycle, 
are  shown  in  Figure  4. 


2  3  4  5 

PRESSURE  RATIO  p,  /p0 

FIGURE  2 


Fig.  4(a)  shows  the  flow  field  when  the  nozzle  jet  is  flowing  into  the 
tube,  the  time  is  t  =  0.04  ms  measured  from  the  instant  when  the  shock  wave  in 
the  tube  reaches  the  closed  end.  This  shadowgraph  clearly  shows  the  slip  sur¬ 
face  which  separates  the  flow  through  the  Mach  disk  from  the  flow  through  the 
reflected  oblique  shock.  That  part  of  the  flow  which  goes  through  the  oblique 
shock  is  supersonic  and  another  shock  is  formed  in  front  of  the  open  end  so 
that  flow  into  the  tube,  inflow,  is  subsonic.  Flow  through  the  Mach  disk  has 
the  larger  entropy  rise  and  larger  stagnation  pressure  drop  than  the  flow 
through  the  oblique  shock.  The  flow  shown  typically  in  Fig.  4(a)  continues  for 
about  22  percent  of  the  period  of  one  cycle.  Similarity  between  this  quasi¬ 
steady  flow  pattern  and  the  steady  flow  pattern  which  is  found  when  both  ends 
of  the  tube  are  open,  shown  in  Fig.  5,  is  striking. 


Fig.  4(b)  shows  the  flow  pattern  at  an  instant  (t  =  0.62  ms)  during  the 
time  that  flow  into  the  tube  is  changing  into  an  outflow.  This  phase  is  rela¬ 
tively  short  and  occupies  about  13  percent  of  the  period  of  one  cycle.  Start¬ 
ing  at  the  end  of  the  inflow  phase.  Fig.  4(a),  at  first  the  subsonic  region  be¬ 
hind  the  Mach  disk  is  broadened  and  the  shock  wave  system,  consisting  of  the 
Mach  disk  and  oblique  shock,  moves  upstream.  Later,  the  subsonic  region  ;t> 
front  of  the  open  end  of  the  tube  is  further  broadened  and  outflow  beings  sud¬ 
denly  in  the  region  of  the  axis.  Near  the  rim  of  the  tube,  however,  the  flow 
is  still  rightward,  that  is  toward  the  open  end  of  the  tube.  In  Fig.  4(c)  it 
is  seen  that  a  normal  shock  is  formed  on  the  axis  of  the  jet  flowing  from  the 
tube,  which  implies  that  the  open  end  of  the  tube  is  choked  and  that  the  flow 
downstream  is  supersonic  and  tube-jet  underexpanded.  As  outflow  continues  and 
the  pressure  downstream  of  the  normal  shock  in  the  tube- jet  increases,  the 
shock  wave  system  associated  with  the  nozzle-jet  retrogresses  towards  the 
nozzle  and  in  the  process  becomes  nearly  normal.  It  is  clear  that  the  two  jets 
are  opposed  and  those  parts  of  the  flow  that  pass  through  the  two  normal  shocks 
impinge  on  one  another  and  are  deflected  radially.  This  flow  pattern  which 
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persists  for  about  32  percent  of  the  period  of  one  cycle  is  not  always  as  stab¬ 
le  as  that  associated  with  inflow  because  the  shock  waves  may  oscillate  with 
small  amplitude  of  excursion  on  the  axis. 


(a)  t  =0.40  ms 


(b)  t  =0.62  ms 


(c)  t  =  1 . 30  ms 


FIGURE  4 


FIGURE  5 


As  the  outflow  weakens 
with  time,  the  flow  pattern 
begins  to  change  into  that 
for  inflow.  The  nature  of 
the  change  in  the  flow  patt¬ 
ern  is  shown  in  Fig.  4(d)  at 
one  instant  (t  =  1.62  ms)  dur¬ 
ing  this  phase.  Toward  the 
end  of  this  phase  the  shock 
in  the  tube- jet  is  swallowed 
by  the  tube  and  the  almost 
normal  shock  in  the  nozzle- 
jet  now  moves  towards  the 
open  end  of  the  tube,  chang¬ 
ing  its  configuration  as  it 
does  so,  into  that  of  the 
characteristic  Mach  reflec¬ 
tion.  This  transient  phase 
occupies  about  33  percent  of 
the  period  of  one  cycle  and 
is  long  compared  to  the  pre¬ 
vious  transient  phase  in 
which  flow  into  the  tube 
changes  into  an  outflow.  At 
the  beginning  of  this  tran¬ 
sient  phase  when  the  flow 
pattern  is  changing  to  that 
of  inflow,  a  shock  is  formed 
near  the  edge  of  the  jet,  be¬ 
tween  the  oblique  shock  and 
the  open  end.  Most  of  the 
flow  through  this  shock  is 
deflected  over  the  rim  of  the 
open  end  of  the  tube ,  and 
only  the  subsonic  flow  behind 
the  Mach  disk  passes  into  the  tube.  In  the  later 
stages  of  this  transient  phase,  the  shock  system 
in  the  nozzle-jet  moves  closer  to  the  open  end  of 
the  tube  and  takes  up  a  stationary  position,  when 
most  of  the  nozzle-jet  is  deflected  into  the  tube. 
This  signals  the  start  of  the  regime  of  quasi¬ 
steady  flow  into  the  tube,  the  flow  pattern  being 
that  of  Fig.  4(a). 

FLOW  WITHIN  THE  DRIVE  TUBE 

Flow  within  the  tube  has  been  predicted  by  the 
method  of  characteristics,  assuming  an  unsteady 
one-dimensional  flow.  The  results  obtained  in 
this  way  have  been  found  to  be  in  good  agreement 
with  experiment  (9).  In  ref.  (10),  wall  friction, 
heat  transfer  and  mass  exchange  at  the  contact 
surface  in  accord  with  the  concepts  in  ref.  (3) 
have  been  taken  into  account  in  calculating  the 
flow  pattern  in  the  tube.  The  wave  diagram,  which 
has  been  constructed  from  the  results  of  the  num¬ 
erical  simulation  of  the  internal  flow  using  the 


(d)  t  = 1.62  ms 
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method  of  characteristics,  is  shown  in  Fig.  6(a).  Fig.  6(b)  shows  the  trajec¬ 
tories  of  the  shock  waves  in  the  space  between  the  nozzle  and  open  end  of  the 
driven  tube.  The  period  of  one  oscillation  of  the  cyclic  flow  in  the  tube  as 
calculated  by  the  method  of  characteristics  is  at(t/L)  =  4.57,  which  is  in  rea¬ 
sonably  good  agreement  with  the  experimental  value  of  4.63  (corresponding  to 
t  =  2.30  ms)  obtained  by  means  of  the  pressure  transducer  located  in  the  closed 
end  of  the  driven  tube,  at  being  the  stagnation  sonic  velocity  and  L  the  tube 
length. 


(a)  (b) 

FIGURE  6 


From  the  path  of  the  shock 
between  the  nozzle  and  open  end 
of  the  tube.  Fig.  6(b),  it  may 
be  inferred  that  flow  into  the 
tube  is  quite  stable.  The  change 
from  inflow  to  outflow  clearly 
starts  with  the  sudden  movement 
of  the  shock  system  towards  the 
nozzle.  The  wave  diagram.  Fig. 
6(a),  shows  that  outflow  from  the 
driven  tube  begins  when  the  shock 
wave  in  the  tube  reaches  the  open 
end  and  reflects  from  it  as  ex¬ 
pansion  wave.  However,  there  is 
a  discrepancy  between  the  calcu¬ 
lated  time  at  which  this  occurs 
and  experiment  because  of  the 
simplifying  assumptions  under¬ 
lying  the  calculation. 

Instability  of  the  shock 
wave  system  in  the  space  between 
the  nozzle  and  the  open  end  and 
the  discrepancy  in  the  times 
noted  above  during  outflow  may 
be  explained  as  follows: 


The  shock  wave  reflected  from  the  closed  end  of  the  tube  interacts  with 
the  contact  surface  in  the  tube,  part  of  the  shock  being  transmitted  through 
it  and  the  other  part  being  reflected.  The  partially  reflected  shock  moves 
towards  the  closed  end  and  is  again  reflected  from  it,  interacting  with  the 
contact  surface  and  again  undergoing  partial  transmission  and  partial  reflec¬ 
tion.  The  wave  action  is  repeated  until  the  reflected  shock  becomes  suffi¬ 
ciently  attenuated  for  its  effect  to  be  negligible.  Thus,  during  outflow,  a 
series  of  increasingly  weaker  shock  waves  arrive  at  the  open  end  in  succession, 
after  the  arrival  of  the  first  strong  shock  wave  there,  and  so  affects  the 
shock  in  the  jet.  This  would  be  of  particular  significance  immediately  after 
the  start  of  the  outflow  from  the  tube. 


Referring  to  the  wave  diagram,  Fig.  6(a),  as  outflow  from  the  tube  grad¬ 
ually  weakens,  a  shock  wave  is  formed  in  the  driven  tube  due  to  the  overtaking 
of  compression  waves  that  are  reflected  from  the  open  end  on  first  arrival  of 
the  expansion  wave  from  the  closed  end.  Other  compression  waves  which  are  re¬ 
flected  at  later  times  from  the  open  end  also  catch  up  with  this  shock.  Mean¬ 
while,  the  shock  wave  which  initially  was  stationary  in  the  tube- jet  now  moves 
towards  the  open  end  as  a  result  of  the  interaction  with  the  expansion  waves 
that  have  been  partially  transmitted  from  the  open  end  of  the  tube,  and  even¬ 
tually  enters  the  tube.  The  two  shock  waves  merge  somewhere  in  the  tube  and 
travel  towards  the  closed  end. 


DISCUSSION 

The  experimental  results  show,  when  the  tube  is  driven  cyclically,  that 
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the  flow  pattern  in  the  space  between  the  nozzle  exit  and  the  open  end  during 
quasi-steady  inflow  is  nearly  the  same  as  that  for  steady  flow  in  the  case 
when  both  ends  of  the  tube  are  open.  The  mechanism  that  initiates  the  flow 
oscillation,  may  be  described  in  the  following  way. 

As  a  starting  point,  the  jet  from  the  nozzle  may  be  assumed  to  be  directed 
against  a  tube  that  has  both  ends  open  and  that  the  steady  state  flow  pattern 
of  Fig.  5  has  been  attained.  If  the  right-hand  of  the  open  tube  is  now  sudden¬ 
ly  closed,  the  flow  pattern  in  the  space  between  the  nozzle  and  the  open  end  of 
the  tube  will  change.  What  has  to  be  considered  here  is  whether,  or  not,  the 
same  flow  pattern  as  that  of  the  original  steady  flow  can  be  restored  after  the 
lapse  of  a  certain  time.  If  the  flow  pattern  reverts  to  that  of  the  steady 
state,  then  a  periodic  oscillation  of  the  flow  could  result,  since  quasi-steady 
inflow  could  be  one  phase  of  a  possible  periodic  oscillation. 

In  what  follows,  the  flow  is  treated  for  the  most  part  as  being  one-dim¬ 
ensional,  both  inside  and  outside  the  tube. 

Referring  to  the  wave  diagram  shown  in  Fig.  7,  when  the  right-hand  end 
of  the  open  tube  is  closed  suddenly,  the  "hammer  wave"  (11)  which  is  generated 
there  propagates  to  the  left-hand  end  (the  open  end)  of  the  tube.  A  part  o. 
this  shock  wave  is  reflected  at  the  open  end  as  an  expansion  wave  so  initiating 
outflow  from  the  tube.  The  transmitted  part  of  the  shock  wave  moves  upstream 
into  the  nozzle-jet  and  merges  with  the  shock  system  which  would  be  stationary 
in  the  jet  under  the  steady  state  conditions  described  earlier.  Merging  of 
these  shock  waves  results  in  a  single  strong  shock  wave  and  at  the  same  time 
gives  rise  to  an  expansion  wave  which  moves  downstream  towards  the  open  end  of 
the  tube  as  shown  in  Fig.  7. 

The  merged  shock  wave,  which  is  of 
greater  strength  than  either  the  shock 
wave  system  in  the  nozzle-jet  or  the 
transmitted  shock  wave,  now  moves  up¬ 
stream  in  the  underexpanded  jet  from  the 
nozzle  and  takes  up  a  position  in  the 
jet  where  the  local  Mach  number  is  com¬ 
patible  with  the  strength  of  the  merged 
shock  wave. 

In  the  meantime,  the  expansion 
wave  which  originated  when  the  two  shock 
waves  merged,  propagates  towards  the 
open  end  of  the  tube.  A  part  of  this 
wave  enters  the  tube  and  a  part  is  re¬ 
flected  from  its  rim,  propagating  up¬ 
stream  towards  the  nozzle.  The  expan¬ 
sion  wave  so  reflected  interacts  with 
the  stationary  merged  shock  wave  in  the 
nozzle- jet  and  weakens  it,  causing  it 
to  move  downstream.  This  downstream 
movement  is  small  because  the  reflected 
expansion  wave  is  relatively  weak.  When  a  periodic  oscillation  has  been  estab¬ 
lished,  this  movement  is  even  smaller  because  weak  shock  waves  that  are  tran¬ 
smitted  in  succession  at  the  contact  surface  in  the  tube,  as  a  result  of  re¬ 
peated  interactions  between  the  reflection  at  the  closed  end  of  the  expansion 
wave,  that  earlier  entered  the  tube,  and  the  contact  surface,  arrive  at  the 
shock  wave  in  the  nozzle- jet  and  strengthen  it.  As  flow  out  of  the  tube  con¬ 
tinues,  the  sonic  condition  is  attained  at  the  open  end  and  the  tube- jet  . 
becomes  underexpanded.  As  a  result,  the  flow  pattern  shown  in  Fig.  4(c)  is 
obtained. 


FIGURE  7 
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The  expansion  wave  which  originates  at  the  open  end  when  outflow  first  be¬ 
gins,  returns  to  the  open  end  after  being  reflected  at  the  closed  end.  A  part 
of  this  wave  is  reflected  at  the  open  end  as  a  compression  wave  which  propa¬ 
gates  towards  the  closed  end  and  develops  into  a  shock  wave  at  some  position 
in  the  tube.  The  transmitted  portion  of  the  expansion  wave  weakens  the  shock 
wave  in  the  tube- jet  causing  it  to  move  downstream  and  to  be  swallowed  by  the 
tube.  This  shock  wave  then  catches  up  with  the  shock  wave  which  has  already 
been  formed  in  the  tube  from  the  reflected  compression  wave  and  gives  rise  to 
a  single  strong  shock  wave. 

At  the  same  time  that  the  shock  wave  system  in  the  tube  jet  moves  towards 
the  tube  and  is  swallowed  by  it,  the  region  of  impingement  between  the  nozzle 
jet  and  the  tube  jet,  which  is  seen  in  Fig.  4(c),  also  begins  to  move  towards 
the  open  end  of  the  tube.  The  condition  for  inflow  is  gradually  established 
in  this  way.  The  change  in  the  external  flow  pattern  from  outflow  to  inflow 
takes  place  very  gradually  because  the  expansion  fan  is  broadened  as  it  is 
reflected  from  the  closed  end. 

CONCLUSIONS 

The  oscillatory  nature  of  the  flow  in  the  space  between  the  forcing  nozzle 
and  the  driven  tube  has  been  examined  using  synchronous  shadow-photography. 

Shadowgraphs  of  the  external  flow  field  and  the  numerical  solution  of  the 
flow  in  the  tube  by  the  method  of  characteristics  have  clarified  the  behaviour 
of  the  shock  wave  systems  in  the  nozzle-jet  and  tube-jet  and  also  how  their 
movements  are  related  to  flow  within  the  tube.  It  has  been  reported  (12)  that 
the  inflow  and  outflow  phases  occupy  about  40  percent  of  the  periodic  time. 

The  present  work  has  shown  that  the  fractions  of  the  periodic  time  occupied  by 
well  defined  quasi-steady  inflow  and  outflow  phases  are  about  22  percent  and 
about  32  percent,  respectively.  It  has  also  been  shown  that  there  are  two 
transient  phases,  that  is,  when  the  quasi-steady  flow  into  the  tube  in  changing 
into  the  quasi-steady  flow  out  of  the  tube,  and  vice-versa,  which  occupy  about 
13  percent  and  33  percent  of  a  period,  respectively. 

It  has  been  observed  that  inflow  is  extremely  stable,  whereas  outflow  is 
not  always  stable.  The  instability  of  the  outflow  has  been  found  to  be  due 
primarily  to  a  succession  of  weak  shock  waves  emerging  from  the  closed  end 
after  interacting  with  the  contact  surface  in  the  tube. 

These  findings  have  been  corroborated  by  work  using  a  separation  distance 
equal  to  0.012  m  and  pressure  ratio,  pt/p0,  of  2.50. 
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Transonic  normal  shock  -  turbulent  boundary  layer  interac¬ 
tions  can  significantly  influence  not  only  the  local  vis¬ 
cous  flow  but  also  the  downstream  behavior  of  the  boundary 
layer  on  aerodynamic  bodies.  It  is  therefore  important 
that  fundamentally-based  analytical  tools  be  developed  for 
describing  and  scaling  these  interaction  effects.  This  pa¬ 
per  examines  recent  progress  toward  this  goal,  with  empha¬ 
sis  on  two  aspects.  (1)  A  basic  non-asymptotic  triple-deck 
theory  of  non-separating  two-dimensional  interactions  that 
is  applicable  over  a  wide  range  of  practical  Reynolds  num¬ 
bers  and  boundary  layer  profile  shapes.  (2)  Its  applica¬ 
tion  as  a  local  "interactive  module"  in  the  global  tran¬ 
sonic  flow  field  analysis  of  wings,  including  detailed  com¬ 
parisons  with  experimental  data.  Also  discussed  is  the 
adaptability  of  this  theory  to  treat  interactions  involving 
non-adiabatic  wall  conditions,  including  the  prediction  of 
incipient  separation. 


1.  INTRODUCTION 

Shock  -  boundary  layer  interaction  can  significantly  influence  not  only 
the  local  transonic  flow  on  missiles,  wings  and  turbine  blades  but  its  influ¬ 
ence  can  also  extend  downstream  within  the  boundary  layer  and  thereby  alter 
the  global  aerodynamic  properties  of  lift,  drag  and  pitching  moment.  It  is 
therefore  important  that  these  interactions  and  their  Reynolds  and  Mach 
number-scaling  be  properly  modeled  in  engineering  flow  field  prediction  meth¬ 
ods  for  supercritical  aerodynamic  bodies.  This  paper  describes  the  applica¬ 
tion  of  a  non-asymptotic  triple-deck  theory  of  transonic  shock  -  turbulent 
boundary  layer  interaction  which  provides  such  a  tool  for  non-separating  two- 
dimensional  flows  over  a  wide  range  of  practical  Reynolds  numbers.  Section  2 
contains  a  brief  description  of  the  essential  features  of  the  theoretical 
model.  Section  3  then  describes  how  this  theory  is  extended  to  treat  the  in¬ 
fluence  of  non-adiabatic  wall  conditions  such  as  may  be  encountered  in  Cryo¬ 
genic  Wind  Tunnels  or  on  the  Space  Shuttle.  In  Section  4  we  examine  applica¬ 
tion  of  the  theory  as  an  element  in  global  viscous  flow  field  analyses  of  su¬ 
percritical  airfoils  where  the  interaction  may  significantly  alter  the  subse¬ 
quent  turbulent  boundary  layer  behavior  for  appreciable  distances,  especially 
when  large  downstream  adverse  pressure  gradients  are  present. 
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2.  BRIEF  OUTLINE  OF  THE  LOCAL  INTERACTION  THEORY 

Unlike  separated  flow,  the  disturbance  flow  pattern  associated  with  a 
nearly-normal  shock  -  boundary  layer  interaction  in  the  unseparated  case  per¬ 
taining  to  turbulent  boundary  layers  up  to  roughly  Mj  s:  1.3  has  a  much  simpler 
type  of  interaction  pattern1  amenable  to  analytical  treatment.  With  some  ju¬ 
dicious  simplifications,  it  is  possible  to  construct  a  fundamentally-based  ap¬ 
proximate  theory  of  the  problem  in  the  latter  case.  Consider  a  known  boundary 
layer  profile  M0(y)  subjected  to  small  transonic  disturbances  due  to  an  im¬ 
pinging  weak  and  nearly  normal  shock.  In  the  practical  Reynolds  range  of  in¬ 
terest  here  (105  <  ReL  <  108),  it  is  known  that  the  local  interaction  field 
organizes  itself  into  three  basic  layered  regions  or  "decks"  (Fig.  1):  (1)  an 

outer  region  of  potential  inviscid  flow  above  the  boundary  layer  containing 
the  incident  shock  and  interactive  wave  systems;  (2)  an  intermediate  deck  of 
frozen  shear  stress-rotational  inviscid  disturbance  flow  occupying  the  outer 
90%  or  more  of  the  incoming  boundary  layer  thickness;  (3)  an  inner  shear- 
disturbance  sublayer  which  accounts  for  the  interactive  skin  friction  pertur¬ 
bations  (and  hence  possible  incipient  separation)  plus  most  of  the  upstream 
influence.  The  "forcing  function"  here  is  thus  impressed  by  the  outer  deck 
upon  the  boundary  layer;  the  middle  deck  couples  this  to  the  response  of  the 
inner  deck  but  in  so  doing  can  itself  modify  the  disturbance  field  to  some  ex¬ 
tent,  while  the  slow  viscous  flow  in  the  thin  inner  deck  reacts  very  strongly 
to  the  pressure  gradient  disturbances  imposed  by  these  overlying  decks.  Our 
approach  is  to  employ  a  non-asymptotic  method2  that  is  an  extension  to  turbu¬ 
lent  flow  of  Lighthill's  approach3,  because  of  its  essential  soundness  and 
adaptability  to  practical  engineering  problems,  similarity  to  related  types  of 
multiple-deck  approaches  that  have  proven  highly  successful  in  treating  turbu¬ 
lent  boundary  layer  response  to  strong  adverse  pressure  gradients,  and  the 
large  body  of  turbulent  boundary  layer  interaction  data  plus  Navier-Stokes  nu¬ 
merical  studies  which  support  the  predicted  results  (see  the  survey  in  Ref.  2). 
Moreover,  this  approach  provides  at  realistic  Reynolds  numbers  a  treatment  of 
the  inner  deck  pressure  gradient  terms  plus  the  middle  deck  3p/3y  and  stream¬ 
line  divergence  effects,  along  with  simplifying  approximations  that  render  the 
resulting  theory  tractable  from  an  engineering  standpoint. 

A  very  detailed  description  of  the  above-mentioned  non-asymptotic  triple¬ 
deck  analysis  can  be  found  in  Ref.  2  and  hence  will  not  be  given  here.  The 
resulting  predictions,  such  as  typically  illustrated  in  Fig.  2,  describe  all 
the  essential  global  features  of  the  mixed  transonic  character  of  the  problem 
including  the  interactive  pressure  distribution  and  upstream  influence,  dis¬ 
placement  thickness  and  local  shape  factor,  and  interactive  skin  friction  up  to 
incipient  separation.  This  interaction  theory  employs  for  the  incoming  turbu¬ 
lent  boundary  layer  velocity  profile  a  very  general  Composite  Law  of  the  Wall  - 
Law  of  the  Wake  profile  model  which  is  characterized  by  three  parameters  (Mj, 
boundary  layer  thickness  Reynolds  number  and  the  incoming  shape  factor) .  The 
influence  of  both  shock  obliquity  and  wall  curvature  have  also  been  examined 
in  detail  and  incorporated  into  the  theory.  Extensive  parametric  studies1*  and 
detailed  comparisons  with  experiment  have  shown  that  it  gives  a  very  good  ac¬ 
count  of  the  interaction  over  a  wide  range  of  Mach  and  Reynolds  number  condi¬ 
tions  including  the  important  but  heretofore-ignored  influence  of  incoming 
boundary  layer  shape  factor  H]^  (hence  upstream  pressure  gradient  history). 

Although  the  present  theory  breaks  down  at  separation,  it  does  yield  a 
useful  indication  of  incipient  separation  where  cfm<n  “*•  0,  owing  to  the  par¬ 
ticular  attention  paid  to  the  treatment  of  the  local  interactive  skin  friction 
behavior.  In  particular  one  obtains  the  explicit  criterion  on  the  interactive 
pressure  field  that 
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where  the  RHS  constant  C  is  a  function  of  Reynolds  number,  Mach  number  and 
the  incoming  boundary  layer  shape  factor  (see  Ref.  2).  A  parametric  study  of 
this  was  carried  out  with  the  results  for  a  normal  shock  on  an  adiabatic  flat 
surface  shown  in  Fig.  3^  where  the  shock  Mach  number  above  which  incipient 
separation  occurs  is  plotted  as  a  function  of  the  Reynolds  number  with  the 
shape  factor  as  a  parameter.  Also  shown  in  the  Figure  is  the  approximate  ex¬ 
perimental  boundary  determined  by  an  examination  of  a  large  number  of  transon¬ 
ic  interaction  tests,  besides  the  M  —  1.30  criterion  for  turbulent  flow.  It 
is  seen  that  the  theoretical  prediction  of  a  gradual  increase  in  the  incipient 
separation  Mach  number  value  with  Reynolds  number  is  in  agreement  with  the 
trend  of  the  data. 


3.  EXTENSION  TO  NON-AD IABATIC  FLOWS 

Detailed  analysis  has  shown5  that  the  presence  of  small  to  moderate  heat 
transfer  does  not  introduce  any  new  terms  in  the  interactive  perturbation  equa¬ 
tions  governing  either  the  inviscid  or  viscous  disturbance  regions;  thus  in 
the  leading  approximation,  the  influence  of  a  non-adiabatic  wall  enters  only 
implicitly  through  the  undisturbed  MQ  (y),  skin  friction  CfQ,  boundary  layer 
thickness  60  and  the  shape  factor  as  given  in  terms  of  a  prescribed  incoming 
incompressible  value  by 

“i-  (??]%  + -1145  ""i2  <2) 


This  may  be  readily  implemented  via  a  modified  Crocco  energy  equation  solution 
with  a  recovery  factor  r  -  Pf V3  :=  .89  for  air  plus  the  Eckert  reference-tem¬ 
perature  method  of  accounting  for  the  attendant  modest  compressibility  effects. 

The  typical  wall  temperature  effect  on  the  interaction  pressure  distribu¬ 
tion  along  the  wall  is  illustrated  in  Fig.  4  and  is  seen  to  be  weak;  this  was 
found  to  be  true  over  a  range  of  shock  strengths  and  Reynolds  numbers.  In¬ 
creasing  wall  temperature  tends  to  increase  the  upstream  influence  and  lower 
the  pressure  downstream  of  the  shock.  The  upstream  influence  distance  over  a 
wide  range  of  conditions  has  been  found  to  be  —  60  independent  of  heat  trans¬ 
fer;  thus,  e.  g.,  cooling  reduces  this  influence  essentially  proportional  to 
the  corresponding  reduction  in  60,  as  also  observed  at  higher  Mach  numbers. 
The  corresponding  typical  interaction-induced  growth  of  the  boundary  layer  dis¬ 
placement  thickness  is  shown  in  Fig.  5  illustrating  the  expected  thinning  out 
with  increasing  Reynolds  number  or  wall  cooling.  The  influence  of  a  hot  wall 
Tw  >  Tw,ad  is  increasingly  significant  at  lower  Re^. 

The  effect  of  shock-boundary  interaction  on  the  local  skin  friction  is  of 
particular  importance  in  transonic  airfoil  design  and  testing,  since  it  bears 
directly  on  the  downstream  boundary  layer  behavior  and  its  possible  separatioa 
Since  wall  temperature  also  influences  the  undisturbed  skin  friction  Cf0  the 
relative  effect  on  its  interactive  decrement  alone  can  be  shown  by  plotting 
the  ratio  (x)  /  Cf0  as  illustrated  in  Fig.  6.  It  is  seen  that  the  effect 
of  cooling  Tw  <  Tw,ad  ,  in  spreading  out  the  interaction  and  weakening  the  in¬ 
teractive  pressure  gradient,  is  thus  to  delay  the  onset  of  incipient  separa¬ 
tion  while  wall  heating  has  the  opposite  effect.  Judging  by  comparison  with 
calculations  showing  the  effect  of  Reynolds  number4,  it  would  appear  that 
proper  wall  temperature  simulation  may  be  of  comparable  importance  to  Reynolds 
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number  as  regards  skin  friction.  These  results  are  in  qualitative  agreement 
with  experimental  data  on  non-adiabatic  interactions  at  supersonic  speeds  with 
oblique  shocks.  However,  to  the  author's  knowledge,  there  exist  as  yet  no  ex¬ 
perimental  data  on  transonic  non-adiabatic  interactions  in  the  unseparated 
case. 

4.  APPLICATION  TO  GLOBAL  TRANSONIC  FLOW  FIELD  ANALYSIS 

Nandanan  et  al2 3 4 * 6  have  carried  out  a  detailed  study  of  interactions  on  ac¬ 
tual  supercritical  airfoils  including  experimental  comparisons.  They  devel¬ 
oped  a  global  computational  method  for  transonic  airfoil  flow  analysis  which 
incorporates  the  present  analytical  solution  for  near-normal  shock  -  boundary 
layer  interaction  into  a  state-of-the-art  viscous-inviscid  computation  code. 
Theoretical  results  obtained  with  this  method  were  compared  to  representative 
data  from  boundary  layer  and  surface  pressure  measurements  on  three  transonic 
airfoils  in  the  DFVLR-AVA  (Gottingen)  Transonic  Wind  Tunnel;  some  examples  of 
these  comparisons  are  shown  in  Fig.  7.  The  agreement  between  theory  and  ex¬ 
periment  in  both  the  boundary  layer  displacement  thickness  and  the  surface 
pressure  distributions  was,  for  all  test  cases  considered,  quite  good.  The 
associated  predictions  of  the  local  skin  friction  variation  through  the  inter¬ 
action  zone  also  agree  reasonably  well  with  the  values  inferred  from  the  ex¬ 
perimental  boundary  layer  profiles  via  the  Ludwig-Tillman  relation. 

The  results  of  this  investigation  indicated  that  treating  the  shock  - 
boundary  layer  interaction  by  conventional  boundary  layer  theory  generally 
leads  to  a  slight  underprediction  of  the  displacement  thickness  immediately 
downstream  of  the  shock  and,  due  to  the  amplifying  effect  of  the  sustained 
rear  adverse  pressure  gradients,  to  an  appreciable  underestimation  of  the  dis¬ 
placement  thickness  at  the  trailing  edge.  The  latter  is  also  clearly  re¬ 
flected  in  the  pressure  distributions  and  aerodynamic  coefficients  compared. 
Considering  these  results,  one  may  conclude  that  it  is  generally  necessary  to 
include  a  physically  correct  treatment  of  shock  wave  -  boundary  layer  interac¬ 
tion  in  the  analysis  of  transonic  airfoil  flow. 

These  results  snow  that  it  is  now  possible  to  incorporate  as  an  interac¬ 
tive  module  within  a  global  flow  field  analysis  the  correctly-modeled  (and 
scaled)  local  shock  -  boundary  layer  interaction  effects  for  the  non-separating 
case.  The  non-asymptotic  triple-deck  interaction  theory  involved  covers  a  wide 
range  of  practical  Reynolds  numbers  and  turbulent  boundary  layer  profile  shape 
factors;  moreover,  it  gives  an  approximate  indication  of  when  incipient  separa¬ 
tion  occurs.  Such  theory  is  generally  desirable  when  accurate  predictions  are 
desired  in  the  important  trailing  edge  region  of  rear-loaded  supercritical  air¬ 
foils  because  the  detailed  changes  across  an  upstream  interaction  can  signifi¬ 
cantly  alter  the  subsequent  turbulent  boundary  layer  behavior  for  appreciable 
distances  downstream. 
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Fig.  2  Typical  Interaction  Zone  Properties  (Ref.  4) 


Fig.  4  Wall  Temperature  Effect  on  Interaction  Pressure 
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HEATING-RATE  MEASUREMENTS  OVER  30°  AND  40°  (HALF -ANGLE)  BLUNT 
CONES  IN  AIR  AND  HELIUM  IN  THE  LANGLEY  EXPANSION  TUBE  FACILITY 


N.  PI.  Reddy 

□apartment  of  Aeronautical  Engineering 
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«UV 

Convective  heat-transfer  measurements  were  made  on 
the  conical, portion  of  spherically  blunted  cones 
(30°^  and  40°  half  angle)  in  the  Langley  expansion 
tuba.  The  test  gases  used  were  helium  and  air: 
flow  velocities  were  about  6.S  km/sec  for  helium 
ana  about  5.1  km/sec  for  air.  The  measured  heat¬ 
ing  rates  uere  compared  uith  calculated  results 
using  a  viscous  shock -layer  computer  code.  For  air, 
various  tecnniques  to  determine  flow  velocity  yiel¬ 
ded  nearly  iaentical  results,  but  for  helium  the 
flou  velocity  varied  by  as  much  as  8?i  depending  on 
which  technique  was  used.  The  measured  heating 
rates  uere  in  satisfactory  agreement  with  calcula¬ 
tion  for  helium  test  gas  if  the  higher  flou  velo¬ 
city  uas  used,  but  for  air  and  for  helium  aesuming 
the  lower  flou  velocity,  the  measuremente  were  sig¬ 
nificantly  greater  than  theory  and  the  discrepancy 
increased  with  increasing  distance  along  the  cone. 

INTRODUCTION 

Determination  of  windward  side  heating  rates  during  entry  of 
the  Space  Shuttle  Orbiter  is  very  difficult.  Analytical  methods 
for  calculating  flou  fields  over  complex  configurations  ere  as  yet 
in  a  developmental  stage,  are  costly,  cumbersome,  and  limited  in 
scope  of  variables.  The  extent  of  experimental  data  for  such  con- 
'  figurations  is  also  limited,  particularly  for  high  velocity  flou 

t  conditions.  One  approximation  which  has  been  made  to  permit  cal- 

,  culation  of  the  windward  heating  distribution  on  a  vehicle  at  high 

*  angle  of  attack  is  to  assume  the  flow  along  the  windward  centerline 

*  is  similar  to  that  of  a  cone  whose  half-angle  ie  equal  to  the  ve- 

t  hide's  local  slope  relative  to  the  velocity  vector.  Several  me- 

*  thods  are  available  to  the  engineer  to  calculate  the  flow  and  heat- 

transfer  rate  for  the  equivalent  blunted  cone  at  zero  angle  of 
attack  (ref.1).  The  critical  heating  rates  on  windward  surfaces 

i  of  the  space  shuttle  are  expected  to  occur  at  altitudes  between 

■  61  and  76  kilomstera  (200,000  and  250,000  ft).  In  an  effort  to 

j  simulate  the  shuttle  flow  field,  total  flow-field  calculations  for 

|  blunt  spherical  noes  cones  (half -angle  30°  and  40°)  have  been  pre¬ 

sented  in  ref.1.  This  analysis  consisted  of  defining  the  complete 
flow  field  around  blunted  cones  for  assumed  equilibrium  and  react- 
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ing  gas  cases  and  uas  mainly  concerned  with  delineating  in  detail 
the  real-gas  effects  in  the  boundary  layer  and  their  effect  on  the 
surface  skin  friction  and  heat  transfer.  Based  on  the  results 
presented,  the  authors  of  ref.1  have  concluded  that  investigations 
of  tuo  types  would  be  required  to  verify  the  analytical  results, 
namely  (a;  basic  investigations  of  bounaary-lay er  profiles  com¬ 
bined  with  skin  friction  and  heat-transfer  measurements  on  rela¬ 
tively  simple  cylindrical  shapes,  and  (b)  aerodynamic  heating 
tests  on  blunt-cone  configurations  of  the  type  analyzed  in  ref.1. 

The  present  investigation  measured  the  heating-rate  distri¬ 
butions  over  a  blunt  cones  of  30°  and  40°  half -angle  in  the  Lan¬ 
gley  expansion  tube  facility  with  helium  as  well  as  air  as  test 
gases.  The  purpose  of  the  present  study  is  to  present  hypersonic 
cone  heating  data  at  both  perfect-gas  and  real -gas  conditions. 

The  measured  heating  rates  have  been  compared  uith  computed  values 
(ref. 2).  An  attempt  has  been  made  to  measure  heating  rates  with¬ 
in  an  accuracy  of  4  to  5  percent  by  using  tuo  different  and  inde¬ 
pendent  methods  to  deduce  heating  rates.  Based  on  the  results  of 
the  present  investigation,  some  conclusions  are  arawn  regarding 
the  accuracy  of  heating-rate  measurements  and  their  comparison 
uith  the  computed  values. 

FACILITY  AND  TEST  CONDITIONS 

Several  papers  (refs.  3  to  5)  have  been  published  concerning 
the  description  and  performance  estimation  of  the  expansion  tube 
facility  at  the  Langley  Research  Center.  A  detailed  description 
of  the  basic  components  and  auxiliary  equipment  of  the  Langley 
expansion  tube  is  presented  in  refs. 4  and  5.  The  operating  se¬ 
quence  for  the  expansion  tube  is  shoun  schematically  in  Figure  1. 
The  operating  sequence  starts  uith  rupture  of  the  hign-pressure 
primary  diaphragm.  This  creates  an  incident  shock  wave  which 
travels  down  the  intermediate  section  until  it  encounters  the  se¬ 
condary  diaphragm.  The  low-pressure  secondary  diaphragm  will  be 
ruptured  due  to  impact  of  incident  shock  wave.  This  creates  a 
secondary  incident  shock  wave  which  propagates  into  the  low- 
pressure  acceleration  gas  while  an  upstream  expansion  wave  moves 
into  the  test  gas.  In  passing  through  this  upstream  expansion 
wave,  which  is  being  washed  downstream  since  the  shock-heated  gas 
is  supersonic,  the  test  gas  undergoes  an  isentropic  unsteady  ex¬ 
pansion  resulting  in  an  increase  in  the  flow  velocity  and  Mach 
number. 

Extensive  flow  calibration  in  the  expansion  tube  facility  for 
the  case  of  helium  test  gas  has  been  completed  and  reported  in 
ref. 4.  Pitot  pressure  profiles  at  various  distances  downstream  of 
acceleration  tube  exit  in  the  case  of  helium  test  gas  (p.»3447 
N/m2:  pi  q  ■  16.0  N/m2,  t  *  2QQ  f-Laaca  j  are  shoun  in  Figure  2  (taken 
from  ref. 4).  From  this  study  it  uas  found  tnat  for  the  initial 
conditions  used  in  the  present  tests,  the  pitot  survey  shows  uni¬ 
form  flow  region  of  about  7  to  8  cm  in  diameter  between  1  and  20 
cm  downstream  of  the  acceleration  tube  exit.  Calibrations  for  air 
test  gas  have  shoun  a  similar  test  core  size. 

The  free -stream  flow  quantities  were  computed  from  the  real- 

?as  computer  program  of  ref, 6,  Atleast  three  flow  quentities 
eitner  predicted  or  measured)  have  to  be  known  to  obtein  other 
flow  quantities.  Calculated  rlou  quantities  based  on  test  section 
flow  measurements  are  considered  to  be  superior  to  those  based  on 
initial  state  variable  because  of  deviations  from  theoretical 
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prediction.  The  usual  procedure  uuula  be  to  uae  the  Measured  wall 
static  pressure  and  shock  velocity  near  the  acceleration  tube 
exit  in  each  run  and  the  measured  pitot  pressure  in  the  test  sec¬ 
tion  in  a  repeated  run  as  the  tnree  required  flow  quantities  to 
compute  the  other  free-stream  flow  quantities  from  the  computer 
program  of  ref. 6.  in  the  expansion  tube  facility  the  repeatabili¬ 
ty  of  runs  as  ascertained  from  the  measured  shock  velocity  is 
good  in  almost  all  cases  uith  air  and  helium  as  test  gases.  But 
the  inherent  nonideal  effects  (viscous,  real-gas  and  shock -reflec¬ 
tion  phenomena  at  the  seconuary  diaphragm)  might  affect  the  rlou 
quantities  in  the  test  section  significantly  in  each  run.  In  this 
sense,  the  repeatability  as  ascertained  from  the  measured  shock 
velocity  may  not  be  sufficient.  Therefore,  in  the  present  investi 
gation  it  uas  decided  to  measure  simultaneously  the  pitot  pressure 
in  addition  to  wall  static  pressure  and  shock  velocity  in  each  run 
In  the  present  investigation  the  pitot  pressure  uas  measured  by 
installing  a  small  pressure  transducer  (2.5  mm  dia.)  in  the  blunt 
nose  of  each  of  the  heat -transfer  cone  models.  Since  the  trans¬ 
ducer  size  uas  very  small,  the  effects  on  flou  over  the  model  due 
to  curvature  change  near  the  nose  region  uere  assumed  to  be  negli¬ 
gible.  The  details  of  the  measurement  of  free-stream  static  pre¬ 
ssure,  pitot  pressure  and  free-stream  velocity  are  given  in  ref. 7. 

Because  of  the  importance  of  accurate  velocity  determination 
at  the  test  section,  an  examination  uas  made  of  the  method  for  de¬ 
termining  velocity.  The  shock  velocity  between  the  last  tuo  sta¬ 
tions  (station  numbers  27  and  31  uhich  are  1.554  m  apart)  uas  de¬ 
duced  by  using  corresponding  counter  readings  as  well  as  the  time 
interval  measured  from  the  oscilloscope  film  of  heat-transrer 
gage  outputs.  The  wall  pressure  gage  film  data  between  these  two 
stations  were  also  available  and  velocity  uas  deduced  from  these 
data  also.  It  uas  apparent  that  the  shock  velocities  obtained  by 
different  methods  for  any  given  run  uo  not  agree  uith  each  other. 
More  details  can  be  found  in  ref. 7. 

In  the  case  of  air  test  gas,  the  shock  velocities  deduced 
from  the  counter  reading  between  stations  27  and  31  are  believed 
to  be  suspect  since  the  output  from  the  heat-  transfer  gage  at 
station  27  went  negative  immediately  after  the  shock  passage  be¬ 
fore  it  recovered  back  to  its  normal  behaviour  and  this  might  have 
affected  the  counter  reading.  The  discrepancy  noticed  between 
velocities  obtained  from  heat  transfer  and  wall  pressure  film  data 
is  somewhat  surprising  since  the  method  used  is  the  same.  However 
it  uas  observed  that  the  heat-transfer  gage's  response  at  stations 
27  and  31  uas  much  slajer  than  the  pressure  gage's  reponse  at  the 
same  stations,  uhich  is  perhaps  due  to  thick  coating  on  the  heat- 
transfer  gages.  For  this  reason,  the  velocity  obtained  from  the 
pressure  film  data  between  stations  27  and  31  may  be  of  superior 
value.  It  uas  also  found  that  in  the  case  of  air,  the  differences 
between  the  velocities  obtained  from  the  straight-line  fit  to  the 
data  over  the  entire  tube  length  and  the  pressure  film  data  were 
very  small.  In  the  case  of  helium  the  differences  between  veloci¬ 
ties  obtained  from  different  methods  are  much  more  than  those  ob¬ 
tained  in  air.  The  output  from  the  heat-transfer  gage  at  station 
27  in  the  case  of  helium  did  not  go  negative,  unlike  the  case  of 
air,  probably  due  to  negligible  ionization.  But  the  response  was 
too  slow  and  the  signal  level  was  very  small  which  might  have 
affected  the  counters  significantly.  Because  of  these  discrepan¬ 
cies,  the  theoretical  heating  predictions  uere  computed  for  both 
the  velocity  deduced  from  the  curve  fit  (Uaverage)  and  that  ob¬ 
tained  from  the  pressure  data  (U27-31^  for  helium  runs.  For  air 
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runs,  the  difference  was  not  significant  so  only  l>27-31  uas  used 
to  coapute  heating  rates.  Flow-stats  calculations  were  based  on 

U2V-31* 

FABRICATION  AND  CALIBRATION  OF  THIN -FILM  GAGES 

Thin-fila  heat-transfer  gages  were  fabricated  by  sputtering 
palladium  on  quartz  substrates.  The  quartz  substrates  were  fabri¬ 
cated  with  proper  radius  of  curvature  to  fit  the  cone  surface. 

The  palladium  film  uas  sputtered  over  the  entire  top  surface  of 
the  substrate  and  then  the  thin  film  in  a  serpentine  pattern  (F ig. 
3)  uas  etched  by  using  a  photatching  process.  The  ends  of  the 
thin  film  are  joined  by  a  thick  film  in  the  sides  and  uires  were 
soldered  to  the  thick  film.  During  development  of  this  technique 
it  was  found  that  a  thin  coat  of  chromium  (sputtering  time  30  secs) 
on  the  substrate  before  palladium  application  improved  the  thin- 
film  adherence  to  substrate  enormously.  The  sputtering  time  for 
palladium  film  uas  5  to  6  mintues.  A  coat  of  silicon  dioxide 
(sputtering  time  7  to  8  minutes)  was  sputtered  on  top  of  the  pall¬ 
adium  film  to  avoiu  possible  shorting  across  the  thin  film  due  to 
ionization  in  the  test  gas.  About  14  to  16  gages  at  nearly  3  mm 
apart  were  fabricated  on  each  s>  astrate  (Fig. 3).  The  quality  con¬ 
trol  uas  such  that  all  the  films  were  identical  in  their  geometri¬ 
cal  characteristics;  the  resistance  of  each  film  uas  uithin  a  feu 
percent  of  each  other.  The  resistance  value  varied  between  75  and 
lOdofor  different  batches. 


Tuo  types  of  calibrations  are  required  for  any  thin  film  to 
be  used  as  a  quantitative  heat -transfer  measuring  device,  namely, 
the  temoerature  coefficient  of  resistanceCl and  the  substrate  pro¬ 
perty  J2  ■  (KpCp)  .  The  values  of  CX  and  uere  measured  for  each 
film  by  using  methods  which  are'  described  in  detail  in  ref. 7.  The 
measured  value  of  fl>  in  the  present  investigation  was  1512.5  U  - 
Sec$/m2  -  °K  for  all  the  gages. 


BLUNT  NOSE-CONE  MODELS 

Tuo  40°  and  30°  semivertex  angle  cone  models  with  a  spherical 
blunt  nose  (6.35  mm  radius)  uere  fabricated  out  of  stainless  steel. 
The  geometrical  details  of  these  models  are  ehoun  in  Figure  3. 
Quartz  substrates  of  6.35  mmx6.35  mm  cross  section  uere  fitted  in 
a  slot  cut  along  a  single  ray  in  the  conical  portion  of  the  models 
as  shown  in  Figure  3.  The  top  surfaces  of  the  quartz  substrates 
uere  optically  ground  and  polished  to  match  the  varying  curvature 
along  the  cone  surface.  About  14  to  16  thin-film  gages  at  inter¬ 
vale  of  3.2  mm  were  fabricated  on  the  quartz  substrate  as  shown  in 
Figure  3.  The  models  uere  tested  in  the  expansion  tube  facility 
at  zero  and  positive  angles  of  atteck  with  air  aa  well  as  helium 
test  gas.  The  acceleration  gas  was  the  same  as  the  test  gas  in 
all  the  runs.  The  initial  conditions  used  in  the  intermediate  and 
acceleration  sections,  as  well  as  the  different  angles  of  attack 
used  in  all  the  runs,  are  given  in  Table  1. 


DATA  RECORDING  AND  PROCESSING 


The  heat  transfer  rates  were  measured  by  using  two  independent 
methods  namely:  (a)  by  numerical  integration  of  surface  temperature 
data,  (b)  direct  measurement  by  using  electric  analogs.  Ref. 7 
gives  all  the  necessary  details.  Two  types  of  testa  uere  made  to 
compare  the  two  different  methods  that  have  been  used  in  the  pre¬ 
sent  analysis  for  heat-transfer  measurements.  First,  the  surface- 
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temperature  history  obtained  due  to  incident  shock  heating  in  air 
in  the  acceleration  section  uas  recorded  by  installing  a  thin- 
film  gage  inside  the  shock -tube  wall.  The  surface-temperature 
history  uas  recorded  on  a  scope  and  the  same  signal  uas  simulta¬ 
neously  fed  into  the  analog  netuork  and  the  output  from  the  ana¬ 
log  uas  measured  in  the  uave-form  recorder.  The  surface-  tempe¬ 
rature  history  uaa  measured  from  the  oscilloscope  film  using  a 
digitizer  and  the  heating  rates  obtained  by  this  procedure  and 
those  directly  measured  from  the  analog  are  compared  in  Figure  4. 
The  significant  and  important  observation  ie  that  the  numerical 
integration  technique  does  not  seem  to  simulate  the  fast  response 
of  the  heating  rate  immediately  behind  the  shock  uave  uhereas  the 
analog  circuit  shous  a  much  better  response  in  this  region,  about 
35  to  40  f!  secs  after  the  shock  passage,  the  two  methods  agree 
uithin  8  percent. 

The  heating  rates  uere  also  deduced  using  the  preceding  pro¬ 
cedure  in  the  case  of  stagnation-point  heating-rate  measurement  to 
a  spherical  nose  of  25.4  mm  radius  mounted  in  the  expansion  tube 
test  section.  The  test  gas  was  helium  and  the  other  conditions 
correspond  to  the  run  number  EC  1500  given  in  Table  1.  The  sur*> 
face-temperature  history  uas  recorded  in  the  recorder  at  2.5/J.sec 
intervals.  The  numerical  integration  uas  performed  by  using  data 
at  tuo  time  intervals,  namely  2.5  and  5.0/^isecs.  The  heating 
rates  variation  uith  time  is  shown  in  Figure  5.  The  differences 
in  heating  rate  by  using  the  two  time  intervals  is  negligible. 
Houever,  the  computer  time  required  to  perform  the  integration 
over  a  200  sec  time  period  was  reduced  by  50  percent  for  5 
sec  time  intervals.  The  heating  rate  obtained  from  the  analog  net¬ 
uork  by  feeding  the  same  surface  temperature  uas  also  recorded  in 
tne  recorder  at  2.5  JLLsec  intervals  and  is  compared  in  Figure  5. 
uith  the  values  obtained  by  numerical  integration.  In  this  case 
also,  the  numerical  integration  does  not  seem  to  simulate  the  fast 
response  of  the  heating  rate  immediately  behind  the  shock  uave. 

Tne  tuo  methods  agree  well  (differences  uithin  3  to  4  percent, 
except  for  a  couple  of  peak  values)  after  an  elapsed  time  period 
of  about  90  to  95/Xsecs.  This  fact  uas  taken  into  account  in  the 
data-reduction  procedure  adopted  for  the  heating  rates  over  cone 
models. 

The  measured  heating  rates  over  the  cone  models  should  remain 
constant  uith  time.  This  ideal  situation  requires  that  the  free- 
stream  flow  quantities  are  constant  uith  time  during  the  testing 
period.  Kouever,  due  to  several  nonidsal  effects  that  exist  in 
the  operation  of  the  expansion  tubs  facility,  the  free-stream 
f low  quantities  do  exhibit  some  variation  with  time,  especially  in 
the  case  of  helium  test  gas.  Therefore,  a  time-averaging  proce¬ 
dure  uas  adopted  to  obtain  the  measured  heating  rates  over  the  cons 
models.  More  details  can  be  found  in  ref. 7.  A  typical  heat  trans¬ 
fer  rate  variation  with  time  is ^shown  in  Fig. 6. 

THEORETICAL  HEATING-RATE  DISTRIBUTIONS  OVER  BLUNTED  CONES 

Theoretical  heating-rats  distributions  have  been  obtained  by 
using  the  method  developed  by  Kumar  and  Graves  (ref. 2)  for  the 
viscous  flow  over  blunted  cones  at  zero  and  small  angles  of  attack. 
This  method  used  time-dependent  viscous-shock-layer-type  equa¬ 
tions  to  describe  the  flow  field  between  the  body  and  the  shock 
uave.  A  time-dependent  finite  difference  technique  is  used  to 
solve  the  equations  in  tne  planes  of  symmetry  of  the  flow  field. 
Complete  details  of  this  method  are  given  in  ref.2. 
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In  the  present  investigation,  heating  rates  over  the  30°  and 
40°  sphere  cones  are  computed  under  perfect-gas  approximation  for 
helium  test  gas  and  under  chemical-equilibrium  approximation  for 
air -test  gas.  The  equilibrium  mass  fractions  of  various  species 
of  air  are  computed  by  using  the  free -energy -minimization  techni¬ 
que.  The  radiative  heating  terms  were  also  included  in  the  go¬ 
verning  equations.  In  all  the  cases  computed,  it  was  found  that 
the  radiative  heating  rata  was  almost  negligiola. 

RESULTS  AND  DISCUSSION 

The  measured  heating  rates  for  the  40°  cone  at  zero  angle  of 
attack  with  helium  as  test  gas  are  compared  with  theory  in  figure 
7.  As  discussed  earlier,  the  velocity  obtained  from  the  pressure 
film  data  between  stations  27  and  31  was  used  for  the  theoretical 
computations:  the  other  free -stream  quantities  were  the  same  for 
both  the  cases.  It  is  apparent  from  Figure  7  that  the  theoreti¬ 
cal  computation  using  velocity  obtained  from  pressure  rilm  data 
agrees  with  the  measured  values  within  6  percent.  In  figure  8, 
the  heating  rates  measured  over  the  30°  cone  at  zero  angle  of 
attack  with  helium  as  test  gas  seem  to  agree  with  theoretical  va¬ 
lues  corresponding  to  a  velocity  (Um )  10  percent  more  than  the 
one  deduced  from  pressure  film  data.  Considering  the  uncertainty 
in  the  measured  flow  velocity,  the  agreement  of  the  measured  heat¬ 
ing  rates  over  both  the  cones,  with  theory  is  considered  satisfac¬ 
tory.  More  data  at  angles  of  attacx  can  be  founo  in  ref. 7. 

In  figures  9  and  10,  the  measured  heating  rates  over  30°  and 
40°  cones  at  zero  angle  of  attack  with  air  as  test  gas  are  compa¬ 
red  with  theory.  The  measured  stagnation-point  heating  rate 
using  a  spherical  blunt-nose  model  (0.0254  m  nose  radius)  in  a 
repeated  run  is  also  compared  with  theory  in  figures  9  and  10. 

The  measured  stagnation-point  heating  rates  agree  with  theory  wi¬ 
thin  2  percent.  However,  the  measured  heating  rates  over  the  cone 
surface  for  both  the  models  are  consistently  higher  than  the  com¬ 
puted  values,  the  differences  being  5  to  15  percent  in  the  begin¬ 
ning  and  increase  to  as  much  as  50  percent  toward  the  end  of  the 
cone  surface.  The  measurements,  which  are  believed  to  be  accurate 
to  about  5  percent  thus  disagree  with  the  computation  by  too  much 
to  attribute  to  measurement  accuracy.  At  present  no  reasonable 
explanation  exists  for  this  discrepancy.  It  is  also  noted  in  ref. 
7  that  the  discrepancy  between  theory  and  measurements  increase  as 
the  effective  cone  angle  increases. 
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SHOCK  INDUCED  UNSTEADY  FLAT  PLATE 
BOUNDARY  LAYERS  AND  TRANSITIONS 
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For  the  shock-induced  unsteady  boundary  layers  over  a  flat 
plate  installed  in  a  shock  tube,  the  effect  of  velocity 
profile,  not  of  surface  cooling  and  compressibility,  on  the 
transition  into  turbulence  is  estimated  by  using  Wazzan's 
relation.  The  locus  of  the  points  of  instability  are  drawn 
•» on  the  x-t  diagram,  where  the  lowering  of  instability  points 
is  found  in  the  unsteady  interaction  region.  The  limiting 
case  that  the  shock  waves  become  weak  correspond  to  that 
which  the  incompressible  fluid  starts  to  move  impulsively. 

This  flow  is  achieved  in  an  intermittent  liquid  tunnel.  And 
the  transition  of  unsteady  flat  plate  boundary  layer  is 
observed  to  take  place  earlier  than  the  time  predicted  from 
the  linearized  theory. 

1 .  INTRODUCTION 

Concerning  the  shock-induced  unsteady  boundary  layers  over  a  flat  plate 
installed  in  a  shock  tube,  numerical  computations  for  laminar  flows  have  been 
performed  by  Lam  and  Crocco1,  Akamatsu2 ,  Felderman3,  Murdock4  and  Cook5. 

The  limiting  case  that  the  shock  waves  become  weak  corresponds  to  that  which 
incompressible  fluid  starts  to  move  impulsively.  Studies  on  this  unsteady 
laminar  boundary  layer  were  initiated  by  Stewartson's  analysis6.  Various 
theoretical  approaches  have  been  tried;  analytical7'8,  integral4'9-11  and 
numerical  ones 1 ' 3 ' 5 ' 1 2  _ 

Experimentally  the  shock-induced  unsteady  boundary  layer  was  verified 
by  Akamatsu2,  Felderman3,  Davies  and  Bernstein13,  Cook1 4  and  Dekker15  et  al. 
Davies  and  Bernstein  traced  the  transition  points  on  x-t  diagram  (Fig. 12  of 
Ref. 13),  where  the  unsteady  transition  points  are  parallel  to  the  path  of  shock 
front.  The  behaviors  of  transition  are  not  clarified  in  the  merging  region  of 
steady  and  unsteady  transition  points. 

Concerning  the  transition  of  quasi-steady  boundary  layers  developed  on 
the  side-wall  of  shock  tubes,  Morkovin1 6 reviewed  experimental  observations1 7  19 
including  transition  structure  such  as  turbulent  spots20.  Comparison  with 
linearized  stability  theory  of  Ostrach  and  Thornton21  indicates  that  transition 
takes  place  precritically,  presumably  due  to  finite  disturbances. 

The  present  paper  aims  at  predicting  theoretically  the  points  of  instability 
and  at  verifying  experimentally  the  transition  points  in  the  liquid  flow 
impulsively  started.  This  liquid  flow,  which  is  achieved  in  a  kind  of  liquid 
Ludwieg  tube  ,  corresponds  to  that  of  the  extremely  weak  shock  and  is  to  reveal 
the  effect  of  velocity  profile  only. 


Unsteady  Boundary  Layers 
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2.  SOLUTIONS  OP  UNSTEADY  LAMINAR  BOUNDARY  LAYERS  BY  INTEGRAL  METHOD 


When  the  shock  wave  passes  over  a  flat  plate,  as  shown  in  Fig.l,  the  boun¬ 
dary  layer  of  shock  tube-type  develops  immeadiately  behind  the  shock  wave  and 
the  steady  boundary  layer  of  Blasius-type  develops  from  the  leading  edge  of  the 
plate.  The  limiting  case  that  the  shock  wave  becomes  weak  corresponds  to  the 
state  that  the  incompressible  fluid  starts  to  move  at  a  constant  infinitesimal 
velocity  U  in  the  direction  of  positive  x.  For  simplicity,  let  us  call  the 
former  the  case  (S)  and  the  latter  (R) . 

Initially,  as  shown  in  Fig.2{a),  let  us  mark  fluid  particles  with  fine 
lines,  a  chain  and  dotted  lines  according  to  the  region  x<0,  x=0  and  x>0  respe¬ 
ctively.  At  a  time  t  after  impulsive  motion,  the  positions  of  marked  fluid 
particles  are  shown  in  Fig. 2(b).  Define  £=x/Ut,  £= 0  and  1  indicate  the  leading 
edge  of  the  plate  and  the  position  of  fluid  particles  initially  situated  on 
y-axis  respectively.  Stewartson6  showed  that  Rayleigh's  solution  is  applicable 
to  the  region  £21.  Similarly,  Mirels'  solution  is  applied  to  the  region  1<£<V/U 
in  Fig.l,  where  V  and  U(-U2>  are  velocities  of  the  shock  and  the  flow  behind 
the  shock  respectively. 

As  well-known,  the  boundary  layers  behind  the  moving  shock  waves  and 
expansion  waves  are  regarded  as  the  quasi-steady  ones  by  observing  from  the 


on  the  tube  wall 
Uw/Ue  =  0  corre- 


coordinate  fixed  with  the  wave  fronts,  where  the  velocity  Uw 
and  Ue  in  the  freestream  are  expressed  as  Uw  =  V,  Ue  =  V-U. 
sponds  to  Blasius'  boundary  layer  and  Uw/Ue|l  the  expansion  wave- type,  Rayleigh's 
and  the  shock-type  respectively. 

Let  us  take  the  x-  and  y-axis  as  shown  in  Figs . 1  and  2 ,  and  take  the 
instant  as  t=0  when  a  shock  wave  just  arrives  at  y-axis  or  that  a  fluid  begins 
to  move. 

For  two-dimensional  compressible  fluid  past  a  flat  plate  the  unsteady 


is,  p  is  proportional  to  temperature,  the 
momentum  equation  becomes  independent  of  the 
energy  equation. 

The  boundary  conditions  are 


b 


y=0;  u=v=0 , 
y=oo.  u=U  (-U2) , 


(3) 


(a) 

fiO 


Intrduce  the  variable  Y  inplace  of  y. 

(4) 
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The  compressible  boundary  layer  equations  (1) 
and  (2)  reduce  to  the  incompressible  one. 


If  + 


9u 

*3? 


9u 

'§Y 


a2u 

3Y2 


(5) 


where  v  is  a  kinematic  viscosity  and  v  =  cvw. 
The  present  paper  is  concerned  with  the  effect 


Fig.  2 
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only  of  the  velocity  profile,  not  to  the  combined  effects  of  surface  cooling 
and  compressibility.  So  that,  the  energy  equation  is  disregarded. 

Let  us  solve  the  partial  differential  equation  (5)  by  an  integral  method 
which  modifies  Tani's  method10  for  unsteady  boundary  layers. 


Momentum  Integral : 

II 

(6) 

Enegy  Integral: 

fe(u360) 

2D 

P 

(7) 

where  U(t,x)  is  freestream  velocity  and  61,  62  and  63  are  displacement, momentum 
and  energy  thickness  respectively.  The  wall  shear  stress  Tw  and  energy  dissip¬ 
ation  D  are  defined  as  follows: 

Tw  =  u(|j)y=0>  D  =  M/“(|^)2dy  (8) 

Assuming  that  the  velocity  profiles  are  expressible  by  a  family  of  exact  solut¬ 
ions  of  Falkner-Skan ' s  flow,  the  following  three  nondimens ional  quantities 
composed  of  the  variables  appearing  in  Eq.s  (6)  and  (7)  are  evaluated  and  shown 
in  Fig. 3  as  the  functions  of  shape  factor  H  =  6i/62. 
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a  -  2*5  2Tw 

UU 


(9) 


The  present  method  is  generally  applicable  even  to  the  unsteady  separated  flows, 
when  the  velocity  profile  is  expressed  with  a  family  of  quartic  polynomials. 

The  equations  (6)  and  (7)  are  rewritten  in  terms  of  unknown  variables  62  and  H: 
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(i)  The  quasi-steady  boundary  layer  behind  the  incident  shock  waves 
By  introducing  the  shock-fixed  coordinates  (X,T),  X=Vt-x,  T=  t, 
the  Eq.s  (10)  and  (11)  are  rewritten. 

d_  -  2,  _  _A _  _  2Q 

dX  °2  '  VH-U  V (H+l) -GU 


A,G  and  Q  being  expressible  with  H,  the  above  middle  and  right  hand  equation 
determines  H  for  a  given  shock  Mach  number.  Consequently  the  momentum  thick¬ 
ness  is  expressed:  _ 

(62) s  =  /  ASX/VHS-U 

(ii)  The  Rayleigh-type  boundary  layers 

By  putting,  9u/9t  =  0  <t>0),  9/9x»0,  the  Eq.s  (10)  and  (11)  are  rewritten. 


A  =  2£_ 
H  H+l 


Similarly,  Hr  and  (62)^  are  determined. 

<62 ) R  =  /  ARt/HR 

(iii)  The  unsteady  boundarylayers  (  0<£<1  ) 

The  partial  differential  equations  (10)  and  (11)  are  solved  by  a  finite 
difference  scheme:  the  forward-difference  for  the  time  derivative  and  the 
backward  difference  for  the  spatial  derivative.  The  boundary  conditions  are 

x  =  0;  62  =  0,  H  =  Hg  (specified) 

x  =  Vt  (X=0) ;  62  =  0,  H  =  Hg  (specified) 

The  computation  proceeds  by  setting  the  following  initial  conditions  at  the 
first  mesh  points  of  t*At. 
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Fig. 5  Locus  of  points  of  instability  on  x-t  diagram  (continued) 
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For  the  case  (S) , 


For  the  case  (R)  , 


x  =  0; 
x  =  VAt 
x  =  VAt 
x  =  0; 
x  >  0; 


-  x 


(X=Ax) ; 
(X=  0); 


62 
<5  2 
62 


=  0, 


/As  x 
y  VHs~TJ  , 
=  0, 


62  =  0,  H  =  Hb 

62  =  /  AAt/HR  ,  H  =  Hr 


H  =  Hb 
H  =  Hs 
H  =  Hs 


It  is  well  known  that  the  solutions  should  be  expressible  in  a  similarity  form, 
that  is,  £  =  x/Ut,  r]  =  Y/u/CVwX.  Therefore  the  accuracy  of  computation  is  check¬ 
ed  by  examining  whether  62//X  and  H  are  universally  expressed  with  £  =  x/Ut 
only,  or  by  compairing  with  the  exact  solutions  in  the  specified  regions  (£-0  or 
§>1).  Employing  of  finitedifference  scheme  is  specially  favorable  for  the  case 
of  time-dependent  freestream. 

3.  PREDICTIONS  OF  POINTS  OF  INSTABILITY 

As  a  next  step,  let'  us  predict  the  time  and  location  of  the  point  of 
instability.  Assume  that  the  Wazzan's  relation2 2  of  instability  Reynolds  number 
(Re<5i)i  versus  the  shape  factor  H,  shown  with  the  solid  lines  in  Fig. 4,  are 
applicable  to  the  present  unsteady  flow.  This  relation  is  derived  from  the 
linearized  stability  theory  of  parallel  flow  for  Falkner-Skan  boundary  layer. 

The  displacement  thickness  and  the  shape  factor  H  can  be  easily  evaluated  by 
the  above  mentioned  integral  method.  Subsequently  the  points  at  which  the  local 
Reynolds  number  ReSi  just  attains  the  instability  Reynolds  number  (Re6i)i  are 
surveyed  on  x-t  diagram.  The  loci  of  instability  points  are  indicated  with  solid 
lines  in  Fig. 5.  The  coordinates  are  non-dimensional  time  Ret  (=U2t/v)  and 
distance  Rex  (=Ux/v) .  The  lowering  of  instability  points  is  found  in  the 
unsteady  interaction  regions  (0<£<1).  This  predicts  the  possible  earlier 
transition  to  turbulence  in  actual  flows.  The  instability  Reynolds  number 
(Re<5i)i  and  the  shape  factor  H  in  the  unsteady  interaction  regions  are  indicated 
as  functions  of  £=x/Ut  in  Fig. 6.  The  same  tendency,  as  shown  in  Fig. 5  and  6,  is 
recognized  in  the  unsteady  Couette  flow23  (independent  variables  are  t  and  y  only 
and  the  distance  of  two  parallel  denoted  as  s  ) ,  if  x/Ut  in  Fig. 6  and  Rex  in 
Fig. 5  are  replaced  by  61/s  and  Res(=Us/V)  respectively. 

Fig. 7  shows  the  relations  (Re6 1  versus  H  for  the  quasi-steady  boundary 
layers  related  to  shock  tube  wall.  The  instability  Reynolds  number  of  Blasius' 
boundary  layer  is  the  lowest  among  all  the  related  boundary  layers.  The  insta¬ 
bility  Reynolds  number  increases  monotonically  with  shock  strength.  Ostrach 
et  al21  calculated  (Re6i)i  following  the  two-dimensional  linear  stability  theory 
including  the  effect  of  velocity  profile  as  well  as  the  surface  cooling  and  the 
compressibility.  They  found  tnat  the  flow  for  Uw/Ue  =  2.94  (Y=l. 4 )  is  infinitely 
stable.  However  such  a  trend  is  not  observed  in  the  present  prediction  consider¬ 
ing  only  the  effect  of  velocity  profiles. 

By  applying  the  conventional  linearized  stability  theory,  the  instability 
Reynolds  numbers  are  calculated  for  the  velocity  profiles  of  unsteady  boundary 
layers  in  the  interaction  region,  which  are  evaluated  by  Lam1  (Case  S)  and  Hall12 
(Case  R) .  These  results  are  shown  with  circles  in  Fig. 6  and  7,  and  their 
coincidence  with  Wazzan's  relations  shows  that  these  relations  are  widely 
applicable  to  the  present  unsteady  boundary  layers. 

Ostrach  et  al21  showed  that  the  observed  transition  data  of  boundary  layers 
on  the  shock  tube  side  wall  do  not  follow  the  trends  theoretically  predicted, 
and  that  the  transition  Reynolds  number  are  orders  of  magnitude  below  the 
computed  instability  Reynolds  number.  However,  in  Fig. 2  of  their  paper,  this 
discrepancy  is  found  to  be  small  for  the  weak  shock.  This  is  attributed  to 
experimentally  the  comparatively  weak  disturbances  and  theoretically  the  least 
stabilized  effects  of  cooling  and  compressibility.  Then  we  try  to  achieve,  in 
an  intermittent  liquid  tunnel,  the  Rayleigh-type  unsteady  boundary  layers. 
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1.  High  Pressure  Chamber 
3.  Sliding  Valve 

5,7.  Potentiometer 
8,9.  Pressure  Gauge 

2.  Low  Pressure  Chamber 
A.  Air  Cylinder 

6.  Float 

10.  Test  Section 

Fig. 8  Structure  of  unsteady 
intermittent  liquid  tunnel 


Fig. 6  Estimated  instability  Reynolds  number 
and  shape  factor  in  unsteady  interaction  region 
Circles;  predicted  from  linearized  stability  theory 
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4.  EXPERIMENTS  AND  RESULTS 

The  unsteady  intermittent  liquid  tunnel  is  an  apparatus 2 4  which  gives 
a  rapidly  accelerated  liquid  flow  starting  from  rest  and  attaining  a  final 
steady  flow  velocity  within  a  short  period  of  time.  As  shown  in  Fig. 8,  it  is 
composed  of  two  chambers  separated  by  a  sliding  plate  valve;  one  is  filled  with 
pressurized  liquids  and  the  other  with  low  pressure  gases.  The  sliding  plate 
valve  being  opened  quickly  by  the  air-cylinder,  the  liquid  is  ejected  into  the 
low  pressure  gas  chamber.  The  test  section  is  made  of  a  P.V.C.  pipe  of  460  mm 
long  and  50  mm  inside  diameter  and  a  P.V.C.  flat  plate  of  3  mn  thick  inserted 
in  the  pipe.  The  apparatus  is  made  of  P.V.C.  plastics  which  is  inert  in  the 
presence  of  electrolytic  solution.  Under  the  pressure  difference  between  the 
two  chambers  Ap  =  500  Torr,  the  attainable  final  freestream  velocity  U  is  about 
1.5  m/s  and  the  rise  time  T  is  about  15  msec.  When  a  divergent  nozzle  (10  cm 
in  diameter),  equipped  with  the  larger  sliding  valve,  is  attached  to  the  end  of 
the  test  section,  U  =  4  m/s,  T  =  50  msec  for  Ap  =  500  Torr. 

This  apparatus  looks  like  a  kind  of  Ludwieg  tube  .  Its  operational 
principle  is  described  in  the  previous  proceedings24.  In  the  conventional 
Ludwieg  tube,  the  cold  gas  flow  behind  the  incident  expansion  waves  are  utilized 
until  the  reflected  expansion  waves  run  back  to  the  test  section.  On  the 
contrary,  in  the  present  apparatus  the  liquid  flow  is  accelerated  gradually, 
owing  to  its  high  density,  by  the  waves  propagating  back  and  forth. 

The  velocity-time  history  can  be  given  either  by  the  differentiation  of  a 
measured  displacement  of  the  float,  by  the  integration  of  pressure  difference 
between  the  two  points  in  the  test  section  or  by  a  hot  film  velocity  meter 
The  wall  shear  stress  is  detected  by  electrodes  (electrochemical  method)  or  a 
hot-film  flush  mounted  on  the  wall. 

In  the  electrochemical  method  to  detect  a  wall  shear  stress,  the  diffusion 
limited  current  of  electrolytic  reaction  is  measured  between  a  small  cathode 
flush  mounted  on  the  wall  and  an  anode  of  much  larger  surface  area.  Under  the 
condition  of  limiting  current,  electrode  current  I  is  related  to  a  wall  shear 
stress  Tw:  I  =  ctTw1/3,  where  a  is  a  calibration  constant. 

The  test  electrodes  are  composed  of  five  rectangular  nickel  electrodes  of 
0.1  mm  long  10  mm  wide.  The  counter  electrode  is  made  of  a  nickel  pipe 
installed  downstream.  The  test  fluid  consist  of  0.1  molar  pottasium  ferri- 
cyanide  (K3Fe(CN)6),  pottasium  ferrocyanide  (Ki,Fe(CN)s)  and  one  molar  pottasium 
hydroxide  (KOH)  as  a  supporting  electrolyte.  The  voltage  applied  by  the 
potentiostatt  is  0.7  v  and  the  probe  circuit  current  is  approximately  100  pA. 

Fig. 10  is  an  example  of  the  numerical  calculation  of  the  growing  boundary 
layer  over  the  flat  plate  corresponding  to  the  observed  freestream.  It  shows 
the  time  varying  profiles  of  the  displacement  thickness  Sj  and  the  shape  factor 
H.  Developing  independently  of  x  (Rayleigh-type)  at  the  early  stage  in  the 
region  far  from  the  leading  edge,  the  boundary  layer  gradually  changes  into  the 
steady  Blasius-type  from  the  leading  edge.  The  shape  factor  H,  in  the  region 
of  uniform  displacement  thickness  far  from  the  leading  edge  after  t  =  8,  is 
equal  to  that  of  the  Rayleigh-type  boundary  layer  (H=2.48)  and  also  gradually 
changes  into  the  values  of  Blasius-type  (H=2.59).  The  low  value  of  H,  in  the 
uniform  region  (x>3)  at  early  time  t=4,  means  that  the  freestream  has  not 
attained  the  final  steady  state. 

Fig. 11  shows  the  observed  freestream  velocity  U,  the  electrode  current 
observed  Im  and  calculated  Ic,  and  the  predicted  shape  factor  H.  Ic  and  H  are 
predicted  from  the  present  integral  method  for  the  observed  U(t).  Increasing  at 
the  initial  stage,  the  value  of  shape  factor  H  remains  constant  for  a  while 
corresponding  to  Rayleigh  flow  and  then  gradually  increases  to  the  value  of 
Blasius  flow.  The  electrode  current  increases  at  the  initial  stage  accompanied 
by  the  acceleration  of  freestream  and  then  decreases  by  the  development  of  the 
boundary  layer  of  Rayleigh-type.  Finally  it  settles  down  to  the  constant  value 
corresponding  to  the  Blasius-type  boundary  layer.  Compared  with  Ic,  Im  is 
delayed  to  rise  at  initial  stage  and  then  it  suddenly  rises  again  owing  to  the 
transition  into  turbulence.  Later  it  proved  to  be  enhanced  by  disturbances 
generated  at  the  intersecting  point  of  the  edge  of  the  flat  plate  and  the  side 
wall.  Thereafter,  the  flat  plate  was  installed  with  clearence  between  the  side- 
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walls.  Consequently,  the  transition  did  not  take  place  any  more  for  the  same 
flow  conditions. 

In  order  to  achieve  the  higher  Reynolds  number  flow  in  which  the  transition 
is  expected  to  occur,  the  final  freestream  velocity  was  raised  from  1.4  m/s  to 
3.4  m/s.  The  experimental  results  are  shown  in  Fig. 11.  The  rise  time  of  the 
freestream  velocity  U  is  prolonged  under  the  limited  pressure  difference. 

Here  the  wall  shear  stress  is  measured  by  a  hot-film  instead  of  the  electrodes. 
Before  the  shape  factor  H  reaches  that  of  Rayleigh-type ,  the  transition  takes 
place.  This  is  indicated  by  the  abrupt  change  of  observed  output  Em  from  the 
hot-film.  The  output  of  hot-film  Ec  theoretically  predicted  from  the  observed 
freestream  velocity  U  is  shown  for  comparison. 

The  observed  transition  points  are  shown  with  closed  circles  on  the  Rex-Ret 
diagram  in  Fig. 12.  The  solid  curves  denoted  as  a  =  1  is  the  locus  of  the  points 
of  instability.  The  curves  denoted  as  a  =  0.5  and  0.2  correspond  to  the  loci 
of  ReSj  =  0.5(Re6j)i  and  0.2(Re6i)i  respectively.  The  transition  takes  place 
earlier  than  the  predicted  time  of  instability.  This  is  attributed  to  the 
external  disturbances;  the  observed  turbulent  intensity  is  about  0.3  %  in  the 
freestream.  The  curve  denoted  as  C  =  1  shows  a  trace  of  freestream  fluid 
particles  initially  situated  on  the  leading  edge  of  the  flat  plate.  The  transi¬ 
tion  points  are  found  to  move  downstream  with  almost  the  same  velocity  of 
frees tream. 

5.  CONCLUSIONS 

For  the  shock-induced  unsteady  flat  plate  boundary  layers,  including  its 
limiting  case,  the  effectsof  velocity  profile  on  the  transition  were  investi¬ 
gated  theoretically  and  experimentally. 

(1)  By  one  parameter  integral  method,  unsteady  laminar  boundary  layer  equations 
were  reduced  to  the  partial  differential  equations  in  terms  of  the  momentum 
thickness  and  the  shape  factor.  Employing  a  finite  difference  scheme  make  it 
feasible  to  apply  this  method  to  the  case  of  time-dependent  freestream. 

(2)  Assuming  that  Wazzan's  relations  of  instability  Reynolds  number  versus 
shape  factor,  the  locus  of  the  points  of  instability  were  drawn  on  the  x-t 
diagram.  The  lowering  of  instability  points  is  found  in  the  unsteady  inter¬ 
action  region. 

(3)  In  the  liquid  flows  almost  impulsively  started,  the  transition  of  unsteady 
flat  plate  boundary  layer  was  observed  to  take  place  earlier  than  the  time 
predicted  from  the  linearized  stability  theory.  This  early  transition  may  be 
attributed  to  the  external  disturbances.  This  resembles  to  the  experimental 
observations  of  the  boundary  layers  on  the  shock  tube  side  wall. 

Now  we  intend  to  construct  a  new  intermittent  unsteady  liquid  tunnel  with 
freestream  of  lower  turbulent  intensity  and  of  higher  Reynolds  number,  by  which 
behaviors  of  transition  and  turbulent  structure  of  unsteady  boundary  layers 
will  be  investigated. 
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Fig. 10  Experimental  observation  of  U,H,lm,Ic 
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V 

Boundary  layer  growth  at  a  leading  edge  behind  three 
shock  waves  of  strength  Ms=  1.11,  1.19  and  1.44  have  been 
followed  by  schlieren  photography.  Thicknesses  measured  by 
optical  comparator  at  x  10  have  shown  that  initial  growth 
rates  of  the  laminar  portion  of  the  boundary  layer  exceed 
that  predicted  by  Mirels'  theory.*' It  would  appear  that  a 
pseudo- turbulent  regime  is  initially  set  up.  In  the  other 
two  cases  after  the  initial  stage  the  rate  of  growth  is  in 
fair  agreement  with  theory.  From  the  average  speed  of  the 
interface  between  the  shock- induced  and  quasi-steady  bound¬ 
ary  layers  it  has  been  concluded  that  the  theoretical  velo¬ 
city  at  the  edge  of  the  boundary  layer  is  attained.  There 
is  no  evidence  for  growth  of  the  quasi-steady  boundary  layer 
except  for  the  final  thickness.  However,  this  is  reproduced 
satisfactorily  using  well-tested  empirical  equations  for 
skin  friction  and  the  velocity  distribution  given  by  the 
wall  law  and  velocity  defect  law.  An  attempt  has  been  made 
to  reproduce  the  characteristic  lengths  of  the  laminar  and 
turbulent  boundary  layers,  matching  the  final  thickness  and 
that  at  the  critical  length.  Schlieren  photographs  show 
the  structure  of  the  turbulent  boundary  layer  to  be  made  up 
of  discrete  inclined  features  which  may  be  hairpin  vortices. 

INTRODUCTION 

Interest  in  boundary  layer  effects  behind  moving  shock  waves  in  a  shock 
tube  stems  from  the  need  to  predict  conditions  at  a  section  where  measurements 
are  being  made.  In  this  connection  the  many  contributions  made  by  Mirels  (1) 
need  no  recapitulation  here.  However,  there  are  few  publications  concerned 
primarily  with  the  basic  problem  of  the  growth  of  the  shock-induced  boundary 
layer  and  verification  of  Mirels'  theoretical  treatment  of  it.  Attempts  have 
been  made  by  Martin  (2)  and  Gooderum  (3)  to  measure  boundary  layer  growth  in¬ 
directly  by  interferometry;  Davis  (4)  has  confirmed  Mirel's  theory  indirectly 
by  heat  transfer  measurements. 

Deckker  and  Weekes  (5) ,  (6) ,  have  attempted  to  measure  boundary  layer 
growth  behind  weak  shock  waves  directly  from  schlieren  photographs  in  a  shock 
tube  of  cross-section  0.051m  x  0.076m,  aspect  ratio  0.72.  Their  results  showed 
that  while  there  was  some  measure  of  agreement  between  Mirels'  theoretical 
treatment  and  their  experiments,  the  boundary  closed  on  the  centre  line  in  a 
time  that  was  less  than  the  running  time  of  the  shock  tube.  They  also  found  in 
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one  experiment  with  a  shock  wave  of  strength  Ms  =  1.22  that  the  velocity  and 
temperature  distributions  were  not  uniform  behind  the  shock  wave  and,  in  parti¬ 
cular,  that  the  velocity  profile  did  become  fully  developed  until  the  shock 
wave  was  about  27  hydraulic  diameters  downstream  of  the  reference  station.  Spe¬ 
cific  reference  to  boundary  layer  closure  has  been  made  by  Gooderuro  (3)  but 
Bazhenova  et  al.  (7)  make  no  reference  to  the  possibility  of  boundary  layer 
closure  nor  to  non-uniformity  of  the  kind  encountered  in  ref  (6)  in  discussing 
the  distribution  of  flow  properties  behind  moving  shock  waves.  In  references 
(2),  (5)  and  (7)  the  shock  tubes  were  of  comparable  cross-section.  In  ref  (3) 
the  cross-section  of  the  tube  was  greater,  0.102m  x  0.191m,  aspect  ratio  0.63, 
but  the  results  obtained  were  in  fair  agreement  with  that  of  ref  (5)  for  rough¬ 
ly  the  same  wave  strength. 

Hubbard  and  de  Boer  (8)  found  theoretically  that  there  was  significant  de¬ 
parture  from  uniformity  close  to  the  shock  front  but  that  the  flow  was  one-dim¬ 
ensional  further  downstream.  The  non-uniformity  described  in  ref  (6)  was  evi¬ 
dently  due  to  contact-surface  irregularities  in  spite  of  the  use  of  "petalling" 
diaphragms.  It  would  appear  that  the  use  of  such  diaphragms  does  not,  in  it¬ 
self,  secure  uniformity  of  the  flow.  In  ref.  (5)  boundary  layer  thickness  on 
the  floor  of  the  shock  tube  was  measured  at  a  reference  station  located  3.9m 
from  the  diaphragm.  In  the  experiments  described  in  this  paper,  measurements 
were  made  at  the  same  distance  from  the  diaphragm  but  after  the  shock  wave  had 
impinged  on  the  leading  edge  of  a  splitter  plate  0.13m  from  the  reference 
station. 

EXPERIMENTAL  CONSIDERATIONS 

The  experimental  equipment  has  been  described  in  some  detail  in  ref  (5) 
and  ref  (9)  and  only  the  main  features  are  given  here. 

Hie  cylindrical  compression  chamber  0.2m  diameter  and  2.6m  long  was  joined 
to  the  rectangular  expansion  duct  0.051m  x  0.076m  by  a  transition  section.  The 
length  of  the  expansion  duct  from  the  diaphragm  to  the  reference  station  in  the 
test  section  was  3.9ra  and  the  overall  length  from  the  diaphragm  to  the  open  end 
was  6.9m. 

Hie  test  section,  0.74m  over  flanges,  was  made  of  aluminium  plate  and  its 
internal  surfaces  were  ground  and  polished  to  match  those  of  the  expansion 
duct.  The  latter  were  in  two  lengths,  one  on  each  side  of  the  test  section. 
They  were  made  of  timber  reinforced  on  the  outside  by  steel  angle-bars  and 
lined  internally  with  a  hard  smooth  plastic.  The  windows  in  the  test  section 
were  of  optical  quality  glass  (surface  finish  546X) . 

A  splitter  plate  0.75m  long  and  0.013m  thick  was  fitted  across  the  span  of 
the  test  section,  with  its  upper  surface  0.02m  above  the  floor  so  making  the 
upper  portion  of  the  test  section  0.031m  x  0.076m.  Hie  splitter  plate  had  a 
slender  forebody  formed  by  chamfering  the  under  surface  of  the  plate  at  an 
angle  of  approximately  6  deg.  to  provide  a  sharp  leading  edge. 

A  single-pass  gchlieren  system  with  two  parabolic  front-surface  mirrors 
(surface  finish  546A) ,  0.305m  diameter  and  2.44m  focal  length  was  used.  Illu¬ 
mination  was  provided  by  an  argon  jet  spark-source  of  duration  0.2  ys  and  rise¬ 
time  0.04  ys.  The  spark  was  triggered  by  the  arrival  of  the  shock  wave  at  a 
fixed  position  in  the  test-section  but  after  the  signal  had  passed  through  a 
variable  delay  circuit.  The  sensitivity  of  the  optical  layout  was  estimated 
to  be  sufficient  to  resolve  density  gradients  in  the  test  section  near  to 
unity  (10). 

Schlieren  photographs  were  taken  at  successive  intervals  of  about  0.5ms, 
after  first  arrival  of  the  shock  wave  at  the  reference  station,  using  single 
exposures  during  the  course  of  an  experiment.  Negative  images  of  these 
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photographs  were  used  to  measure  boundary  layer  thickness  by  means  of  an  opti¬ 
cal  comparator  at  x  10,  the  resolution  of  the  comparator  being  better  than 
2  x  10_Sm.  To  ensure  repeatability  of  the  incident  shock  wave  its  speed  was 
checked  between  measuring  stations  0.61m  apart. 

The  diaphragms  were  of  laminated  cellophane  sheets,  the  topmost  sheet 
being  bonded  to  an  acetate  sheet  8  x  10-5m  thick.  Cruciform  lines  were  incised 
diametral ly  in  the  latter  to  a  predetermined  depth.  These  diaphragms  were  in¬ 
stalled  with  the  acetate  face  on  the  low  pressure  side  and  rupture  initiated 
by  piercing  the  intersection  of  the  cruciform  lines  with  a  solenoid  driven 
needle.  The  diaphragms  invariably  "petalled"  on  rupture. 

RESULTS  AND  DISCUSSIONS 

The  results  of  experiments  with  three  shock  waves  of  strength  Ms  =  1.11, 

Ms  =  1.19  and  Ms  =  1.44  are  presented  and  discussed  here.  These  shock  waves 
were  selected  because  they  were  expected  to  give  shock- induced  boundary  layers 

laminar,  transitional  and  almost  wholly 


Referring  to  Fig.  1,  when  the  inci¬ 
dent  shock  wave  clears  the  leading  edge, 
simultaneously  two  boundary  layers  are 
formed,  the  one  growing  from  the  foot  of 
the  shock  and  the  other  from  the  leading 
edge.  The  latter  is  formed  from  air 
particles  that  have  already  been  set  in 
motion  by  the  shock  and  being  relatively 
remote  from  the  walls  of  the  tube  ideal¬ 
ly  are  in  steady,  uniform  motion  so  that 
the  boundary  layer  conforms  to  the  clas¬ 
sical  model.  Growth  of  the  shock-indu¬ 
ced  boundary  layer,  measured  from  the 
instant  the  shock  wave  arrives  at  the 
reference  station,  is  concomitant  with 
the  arrival  of  air  particles  that  ini- 
the  plate  and  have  been  set  in  motion 
by  the  shock  wave.  These  particles  have  been  subjected  to  viscous  effects  over 
increasing  lengths,  xf,  and  for  corresponding  times,  Atf,  depending  upon  the 
distance,  xe,  of  the  shock  wave  from  the  reference  station.  The  time  corres¬ 
ponding  to  xe  is  Ate,  measured  from  the  time  the  shock  wave  was  initially  at 
that  station.  The  maximum  thickness  of  the  shock- induced  boundary  layer  is 
attained  when  particles  in  the  quasi-steady  boundary  layer  growing  from  the 
leading  edge  first  arrive  at  the  reference  station.  By  definition,  thereafter 
the  boundary  layer  thickness  at  this  station  remains  constant  for  the  running 
time  of  the  shock  tube.  In  the  present  experiments,  the  duration  is  limited 

by  the  time  when  wave-action  at  the  trailing  edge  of  the  plate  begins  to  influ¬ 

ence  conditions  at  the  reference  station. 

Shock-induced  boundary  layer 

For  each  shock  wave,  boundary  layer  thickness,  measured  at  the  reference 
station  in  the  manner  already  described,  has  been  plotted  as  a  function  of  the 
time  Ate  in  Fig.  2(a),  2(b)  and  2(c).  Also  shown  is  the  boundary  layer  thick¬ 
ness  measured  at  the  right-hand  edge  of  the  window  at  0.054m  from  the  reference 

station,  (Fig.  1). 

The  steep  fronts  in  Fig.  2(a)  and  Fig.  2(b)  signal  the  arrival  of  the 
interface  between  the  shock-induced  and  quasi-steady  boundary  layers  at  the 
reference  station.  In  Fig.  2(c)  the  interface  is  not  immediately  apparent  but 
after  careful  scrutiny  of  the  curve  the  time  of  arrival  is  believed  to  be 


that  were,  respectively,  almost  wholly 
turbulent. 
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tially  were  on,  or  in  the  vicinity  of. 
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indicated.  The  distance  travelled  by  the  interface  from  the  leading  edge  to 
the  reference  station  is  0.13m  so  that  the  average  speed  may  be  determined. 

In  each  case  schlieren  photographs  of  the  advancing  fronts  at  the  times  indica¬ 
ted  are  also  shown. 

If  it  is  assu¬ 
med,  as  Mire Is  has 
done  (11),  that 
the  velocity  dis¬ 
tribution  in  the 

(a) 

growing  shock- in¬ 
duced  turbulent 
boundary  layer 
conforms  to  the 
one-seventh  power 
law,  the  average 
speed  of  the  int- 

(b)  erface  would  be 
0.88  ue,  ue  being 
the  particle  velo¬ 
city  at  the  edge 
of  the  boundary 
layer.  Theoreti¬ 
cal  values  of  this 
velocity  are  given 
in  Table  1.  The 

(c)  measured  average 
speeds  of  the  in¬ 
terface  are  54m/s, 
93m/s  and  236m/s 
for  the  three 
shock  waves,  and 
the  corresponding 
values  of  ue  are 
62m/s ,  106m/ s  and 

270m/s  respectively,  which  are  as  close  as  can  be  expected  to  the  theoretical 
values  in  measurements  of  the  kind  that  have  been  made.  Such  close  agreement 
must  be  regarded  as  fortuitous. 


shock 

strength 

Ms 

u 

w 

ra/s 

u 

e 

m/s 

u 

e 

ms 

Te 

K 

Tra 

K 

ve  x  10s 
nr/s 

vra  x  10s 
m2/s 

9/6 

.. 

6 

1.11 

384 

322 

62 

318 

307 

1.74 

1.645 

-0.0258 

-0.0339 

1.19 

413 

309 

104 

333 

315 

1.88 

1.718 

-0.0493 

-0.1221 

1.44 

497 

215 

282 

380 

343 

2.38 

1.977 

-0.1201 

-0.1271 

Table  1.  Theoretical  properties  and  mean  values  used  in  calculations. 

9,  6*  are  the  momentum  and  displacement  thickness  of  boundary  layer; 

6  is  the  thickness  corresponding  to  u/ue  =  0.99;  ue  =  (i^  -  ue) , 

the  particle  velocity  in  shock-fixed  co-ordinates. 

If  the  abscissae  in  Fig.  2  are  transformed  to  flow  length  Xf  using  the 
relationship  implicit  in  Fig.  1  namely,  Xf  ‘  u,,  Ate/Ci^/Qg  -  1)  and  the  theor¬ 
etical  values  of  Oe  and  the  wave  speed  u*.  then  the  curves  will  be  stretched. 
But  when  the  abscissae  are  scaled  appropriately  to  0.13m,  spatial  growth  of 
the  boundary  layer  appears  as  in  Fig.  3(a),  3(b)  and  3(c),  the  temporal  growth 


FIGURE  2 


Leading  Edge  Boundary  Layer 


|2S7| 


being  also  shown  in  those  Figures.  It  is  clear  that  there  is  a  large  discrep¬ 
ancy  between  theoretical  and  experimental  laminar  growth  rates.  Since  it  has 
been  shown  that  ue  at  the  edge  of  the  boundary  layer  is  equal  to  the  theoreti¬ 
cal  value  and,  also,  since  has  been  maintained  essentially  constant  through¬ 
out  the  experiment,  differences  between  theory  and  experiment  are  most  likely 
to  reflect  differences  in  physical  behaviour.  It  may  be  noted  that  in  each 
case  the  discrepancy  arises  in  the  very  early  stages  of  growth  during  which, 
what  appears  to  be,  a  pseudo- turbulent  regime  is  temporarily  established  but 
which  in  the  case  of  the  weakest  shock  wave,  Ms  =  1.11,  cannot  be  maintained  at 
further  distances  from  the  foot  of  the  shock. 


In  Fig.  3(b),  as 
in  Fig.  3(a),  after  the 
initial  stage  the  rate 
of  growth  is  more  near¬ 
ly  in  accord  with  the- 
ory,  bearing  in  mind 
that  there  is  a  trend 
to  boundary  layer  clo¬ 
sure. 

Fig.  3(c)  shows 
the  spatial  and  tempor¬ 
al  growth  rates  for  the 
strongest  shock  wave, 

Ms  =  1.44.  There  is 
evidence  of  a  short 

(b)  lengtn  of  laminar  boun¬ 
dary  layer  which  also 
suffers  from  the  limit¬ 
ation  observed  in  the 
other  two  cases,  other¬ 
wise  the  rate  of  growth 
conforms  well  to  that 
predicted  theoretica¬ 
lly.  In  particular, 
the  trend  to  boundary 

(c)  layer  closure  is  less 
well  marked  but  this  is 
also  a  function  of  Atf 
(0.48  x  10-4  sec)  which 
is  only  a  fraction  of 
that  for  Ms  =  1.11 
(Atf  =  24  x  10-4  sec) 
and  for  Ms  =  1.19 

(Atf  =  14  x  10-4  sec). 


Quasi- steady  boundary  layer 


Boundary  layer  thickness  measured  at  the  right-hand  edge  of  the  window, 
0.054m  from  the  reference  station,  during  the  passage  of  a  shock  wave  over  the 
splitter  plate  is  shown  in  Fig.  2(a),  2(b)  and  2(c).  Except  for  the  weakest 
shock  wave,  Ms  =  1.11,  the  final  quasi-steady  boundary  layer  thickness  could 
not  be  measured  at  the  reference  station  because  the  splitter  plate  downstream 
of  it  was  short  enough  (0.62m)  to  allow  the  wave  reflected  at  the  trailing 
edge  to  affect  the  boundary  layer  at  that  station. 


Also,  the  boundary  layer  growing  between  the  leading  edge  and  the  right 
hand  edge  of  the  window,  a  distance  of  0.076m,  could  not  be  observed  and, 
therefore,  no  experimental  evidence  for  the  manner  in  which  that  boundary  layer 
grows  is  available.  Nevertheless  an  attempt  has  been  made  to  reproduce  the 
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overall  characteristics  of  the  steady  boundary  layer  using  well  tested  empiri¬ 
cal  equations. 

i or  the  incompressible  turbulent  boundary  layer  growing  from  the  leading 
edge  in  zero  pressure  gradient,  which  is  a  reasonable  assumption  in  the  experi¬ 
ments  described,  a  number  of  equations  are  available  for  predicting  local  and 
average  skin  friction  coefficients.  As  a  matter  of  convenience  three  of  these 
were  selected,  namely: 

cf  =  0. 370/ (log  Rx)2-58  (Schultz-Grunow)  (la) 

cf  =  0.0S9/(RX)0-2  (PoweT  Law)  (lb) 

cf  =  (0.427/(log  Rji  -  0.407)2.64}  _  A/Rj,  (Schultz-Grunow-Prandtl)  (lc) 

where  Cf,  Cf  are  local  and  average  friction  coefficients,  respectively,  and 
RX,  Rs,  the  corresponding  length-Reynolds  numbers. 


Implicit  in  the  use  of  these  friction  coefficients  are  the  velocity  dis¬ 
tributions  given  by  the  law  of  the  wall  and,  in  the  outer  reaches  of  the  turbu¬ 
lent  layer,  the  velocity-defect  law.  The  two  equations  for  the  velocity  are: 


For  y/S  <  0.15,  u/u*  =  5.6  log  (u*y/v)  +4.9 
and  for  y/S  >  0.15,  (ue  -u)/u*  =  8.6  log  (y/6) 


(2a) 

(2b) 


Where  u„  is  the  velocityj  at  the  edge  of  the  boundary  layer  at  a  distance 
6  from  the  plate;  u*  =  (t0/p)'5  is  the  friction  velocity,  the  shear  stress  tq 
being  equal  to  !scfpile2;  u  is  the  velocity  at  a  distance  y  from  the  plate.  In 
keeping  with  the  approximate  nature  of  the  calculation,  and  in  the  spirit  of 
Mirel's  theoretical  treatment  of  the  turbulent  boundary  layer,  mean  property 
values  (Table  1)  calculated  as  in  ref  (11)  were  used  for  the  density  and  kine¬ 
matic  viscosity  in  the  above  equations. 


The  results  obtained  using  equations  (1)  and  (2)  above  are  shown  in  Fig. 
4(a),  4(b)  and  4(c)  for  values  of  ue  and  vm  behind  the  shock  waves.  It  is 
clear  that  the  thickness  of  the  steady  boundary  layer  predicted  by  these  equa¬ 
tions  is  in  good  agreement  with  that  estimated  experimentally  having  regard  to 
the  fact  that  in  the  experiments  there  are  side-wall  effects  and  that  the  boun¬ 
dary  layer  is  not  turbulent  from  the  leading  edge. 

The  relative  distribution  of  turbulent  and  laminar  skin  friction  over 
length  l  from  the  leading  edge  may  be  deduced  from  the  transition  equation, 
eqn.  1(c),  in  which  the  expression  in  braces  is  the  average  turbulent  skin  fri¬ 
ction  over  length  l  from  the  leading  edge  and  the  term  A/R^  is  a  correction  for 
the  effect  of  laminar  skin  friction  over  the  critical  length,  xcrit-  A  is  re¬ 
lated  to  the  critical  length  Reynolds  number,  Rcrit-  Daily  and  Harleman  (12) 
have  published  data  for  this  relationship  in  the  range  3  x  108<Rcrit<106. 

When  these  data  are  plotted  it  has  been  found  that,  while  the  relationship  be¬ 
tween  A  and  Rcrit  is  approximately  linear  over  the  entire  range  of  critical 
Reynolds  numbers,  it  is  linear  in  the  lower  range  3  x  105<RCrit<5  x 105.  Using 
the  steady  boundary  layer  thickness  at  the  reference  section  which  has  been 
shown  to  be  in  accord  with  well  tested  empirical  equations,  the  corresponding 
skin  friction  coefficient  can  be  calculated  by  trial  and  error.  Substitution 
for  Cf  in  eqn.  1(c)  then  yields  a  value  for  A/Rj  from  which  A  is  determined. 

The  corresponding  value  of  RCrit  is  found  from  the  linear  relationship  referred 
to  above,  whence  xcrft  may  be  calculated  for  mean  property  values.  Alternative¬ 
ly,  on  the  basis  of  the  linear  relationship,  a  value  of  A  may  be  found  by  trial 
and  error  to  give  the  appropriate  Cf  directly  from  eqn.  1(c)  which  will  yield 
the  required  value  of  boundary  layer  thickness.  Pairs  of  values  of  A  and  RCrit 
which  satisfactorily  reproduce  the  steady  boundary  layer  thickness  are  given 
in  Table  2. 
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The  laminar  boundary  layer  profile 
from  the  leading  edge  can  be  obtained 
from  the  Blasius  equation,  5  =  5x/(Rx)^ 
so  that  the  thickness  at  xcrit  may  be 
determined.  The  skin  friction  coeffi¬ 
cient  over  the  critical  length  is  easily 
found  from: 

cf  =  0.664/(Rx)\  (3) 

or  in  terms  of  mean  property  values, 

Cf  =  0.664  Om/Ge)'Vx'2. 

The  power  law,  eqn.  1(b)  ,  when  av¬ 
eraged  over  the  critical  length  gives  a 
value  of  C£  (turbulent)  which  is  too 
small  to  match  the  thickness  of  the  lam¬ 
inar  layer  at  that  position.  Similarly, 
at  the  reference  station  l  =  0.13m,  when 
the  net  average  c^  is  taken  as  Cf  (tur¬ 
bulent)  -  2f  (laminar),  that  is, 

cfnet  =  .°74(VGe)°- V-2  -  0.664 

Cvm/u/7^ 

the  value  of  cf  t  is  too  small  to  re¬ 
produce  the  boundary  layer  thickness 
there . 

However,  if  a  modifying  factor, 
which  is  a  function  of  the  distance  from 
the  leading  edge,  is  introduced  into 
Eqn.  (3)  so  that  it  may  be  written  as: 


FIGURE  4 


Shock 

strength 

Ms 

Velocity 
at  edge 
of  b.l. 
ue  m/s 

A 

**crit 

; 

xcrit j 
m 

1.11 

62 

510 

1.5xl05 

0.040 

1.19 

104 

760 

2.2xl05 

0.036 

1.44 

282 

1390 

3.9x10s 

0.027 

Table  2.  Relationship  between  A  and 
Rcrit  i-n  Eqn.  Kc). 


Shock 

strength 

Ms 

Velocity 
at  edge 
of  b.l. 
ue  m/s 

exponent  n 

at  xcrit 

at  ref. 
station 

1.11 

62 

0.092 

0.173 

1.19 

104 

0.083 

0.151 

1.44 

282 

0.070 

0.132 

Table  3.  Values  of  exponent  n  in 
Eqn.  (4). 


cfnet  =  ^f  (turbulent)/xn  -  c^  (laminar i 

(4) 


then  the  exponent  n  may  be  found  by 
matching  the  turbulent  boundary  layer 
thickness  to  the  laminar  thickness  at 
xcrit  and  to  the  experimental  thickness 
at  the  reference  plane.  A  linear  vari¬ 
ation  of  the  exponent  between  those  sta¬ 
tions  may  be  assumed.  The  boundary 
layer  profile  calculated  in  this  way 
is  shown  in  Fig.  4(a),  4(b)  and  4(c). 
Values  of  n  at  the  two  stations  for  the 
three  shock  waves  are  given  in  Table  3. 

Boundary  layer  structure 

Head  and  Bandyopadhyay  (13)  have 
recently  published  the  results  of  their 
flow  visualization  studies  of  the  struc¬ 
ture  of  turbulent  boundary  layers  on 
the  floor  of  a  wind  tunnel.  In  the 
light  of  their  conclusions  it  is  of  in¬ 
terest  to  present  in  Fig.  S  schlieren 
photographs  of  two  typical  turbulent 
boundary  layers  taken  simultaneously 
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on  the  splitter  plate  and  on  the  floor  of  the  shock  tube.  The  photograph  has 
been  magnified  x  10  approximately,  corresponding  to  which  measurements  of 
thickness  have  been  made  by  optical  comparator  as  described  earlier.  Only  the 
central  section,  approximately  0.006m  wide,  has  been  reproduced  in  the  photo¬ 
graph,  since  the  inclined  features  seen  in  that  Figure  have  been  rotated  in 
opposite  directions  at  further  distances  from  the  vertical  axis  due  to  aberra¬ 
tion  arising  from  the  off-axis  mirror  system.  The  shock  wave  strength  is 
Ms  =  1.44. 

The  upper  boundary  layer  in  Fig.  5  is  that 
induced  behind  the  shock  wave  on  the  splitter 
plate  and  is  formed  from  particles  of  air  ,that 
were  initially  well  removed  from  the  shock  tube 
walls.  The  lower  boundary  layer  is  also  shock- in¬ 
duced  but  is  on  the  floor  of  the  shock  tube.  It 
has  been  formed  from  air  particles  that  have  been 
subjected  to  viscous  effects  for  a  longer  time 
than  those  in  the  upper  boundary  layer.  The  Rey¬ 
nolds  number  of  the  flow  behind  the  wave  is  10^, 
calculated  according  to  ref  (11). 

The  inclined  features  in  Fig.  5  may  be  horse¬ 
shoe  vortex  loops  that  have  been  stretched  in  the 
direction  of  flow  by  the  strain  field  and  by  the  induced  circulatory  flows 
normal  to  the  plane  of  the  loop  and  away  from  the  wall.  The  Reynolds  number 
of  107  is  greater  by  a  factor  of  10^  than  that  reported  in  ref  (13) . 

CONCLUSIONS 

Growth  of  shock-induced  boundary  layers  behind  weak  shock  waves  of  increa¬ 
sing  strengths,  Mg  =  1.11,  Ms  =  1.19  and  Ms  =  1.44  have  been  measured  directly 
from  schlieren  photographs. 

There  is  evidence  of  a  laminar  boundary  layer  in  each  case  but  the  rate 
of  growth  is  different  from  that  predicted  by  Mirels'  theoretical  treatment. 
However,  the  difference  appears  to  arise  only  in  the  very  early  stages  of 
growth  and  later  the  rate  of  growth  in  the  case  of  the  stronger  shock  waves 
conforms  reasonably  well  with  Mirels'  theory.  Better  agreement  between  exper¬ 
iment  and  theory  is  apparently  subverted  by  the  initial  differences  in  growth. 
There  is  also  evidence  that  the  boundary  tends  to  close  on  the  centre  line  of 
the  flow  passage. 

The  quasi-steady  boundary  layer  growing  from  the  leading  could  not  be 
observed  except  near  the  reference  station  and  the  final  thickness  at  that 
station  hr*;  been  estimated  from  experimental  measurements.  The  final  thickness 
is  in  reasonable  agreement  with  values  calculated  from  empirical  equations  for 
the  friction  coefficient,  the  wall  law  and  velocity  defect  law,  using  mean 
property  values. 

An  attempt  has  been  made  to  predict  the  characteristic  spatial  distribu¬ 
tion  of  the  laminar  and  turbulent  boundary  layers  between  the  leading  edge  and 
reference  station,  using  the  Schultz-Grunow-Prandtl  equation.  On  this  basis 
the  spatial  rate  of  growth  of  the  boundary  layer  has  been  calculated  using 
well  established  empirical  equations  but  introducing  a  modifying  factor  based 
on  distance  from  the  leading  edge.  Boundary  layer  profiles  obtained  in  this 
manner  are  like  those  measured  experimentally  when  there  is  boundary  layer 
closure. 

Schlieren  photographs  of  the  turbulent  boundary  layers  in  this  investiga¬ 
tion  show  discrete  features  that  are  inclined  in  the  flow  direction.  The  angle 
of  inclination  is  generally  different  from  that  reported  in  ref  (13)  but  may  be 
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a  Reynolds  number  effect. 
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Several  aspects  of  the  interaction  between  the  boundary 
layer  on  the  shock  tube  side  wall  and  the  shock  reflected 
from  the  end  wall  were  investigated  experimentally  in  the 
free  piston  shock  tube  T3.  The  experiments  were  conduc¬ 
ted  at  sufficiently  high  shock  speed  to  produce  vibrational 
excitation  and  dissociation  in  the  case  of  nitrogen  and  carbon 
dioxide,  while  the  experiments  in  argon  were  restricted  to  the 
ideal  gas  range. ^Numerical  calculations  were  made  with 
the  model  of  Mark  (1958)  which  was  extended  to  account 
for  equilibrium  real  gas  effects.  The  numerical  as  well 
as  the  experimental  results  show  clearly,the  real  gas  effect 
on  the  angle  of  the  bifurcated  foot  is  very  significant.  The 
modified  Mark  model  is  in  fair  agreement  with  N^  results, 
but  shows  large  discrepancies  with  weakly  bifurcating 
(Argon)  and  strongly  bifurcating  (CO  )  gases.  The  growth 
rate  of  the  bifurcation  configuration  fs  initially  linear  and 
rapidly  reduces  to  zero  for  N  and  CO  .  In  argon,  for 
which  no  bifurcation  is  predicted,  a  small  bifurcation  was 
observed.  For  N  ,  inreased  wall  roughness  caused  the 
bifurcation  to  continue  to  grow  linearly  well  beyond  the 
asymptotic  scale  on  a  smooth  wall. 


INTRODUCTION 

The  phenomenon  of  shock  bifurcation  is  illustrated  in  figure  1.  The  configu¬ 
ration  shown  is  brought  about  when  a  plane  "incident"  shock  travels  into  uni¬ 
form  gas  at  rest  in  a  tube  and  is  reflected  off  an  end  wall,  which  is  parallel 
to  the  incident  shock.  The  reflected  shock  then  interacts  with  the  boundary 
layer  generated  by  the  incident  shock  on  the  side  wall  of  the  tube.  Under  some 
conditions  the  reflected  shock  may  cause  the  boundary  layer  to  separate,  so 
that  an  oblique  shock  precedes  the  normal  reflected  shock  as  the  front  leg  of 
the  bifurcation,  and  a  short  rear  leg  causes  the  gas  to  be  deflected  back  to- 
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wards  the  wall  behind  the  separation  bubble  which  is  carried  along  by  the 
bifurcation. 


A  number  of  authors  have  attempted  to  make  models  of  this  process.  By 
assuming  the  boundary  layer  to  consist  of  test  gas  at  the  wall  temperature  T 
and  at  post  incident  shock  pressure  p2  with  no  velocity  gradient,  Mark 
(1958)  was  able  to  define  Mach  number  regions  where  the  reflected  shock 
would  bifurcate.  He  assumed  that  the  gas  in  the  boundary  layer  would  be 
brought  to  rest  relative  to  the  reflected  shock.  If  the  stagnation  pressure  in 
the  boundary  layer  is  smaller  than  the  post  reflected  shock  pressure  pg  he 
assumed  the  boundary  layer  would  separate,  forming  a  separation  bubble 
shaped  like  a  double  wedge  of  cold  fluid  which  caused  the  free  stream  to  be 
deflected  through  a  double  oblique  shock  system. 

One  of  the  most  sensitive  measures  of  the  success  of  bifurcation  models  is  the 
angle  a  of  the  front  leg  of  the  bifurcation.  Mark's  analysis,  which  is 
restricted  to  a  thermally  perfect  gas  predicts  a  large  rise  of  a  with  incident 
shock  Mach  number  M^  for  7  =  1.4  (ratio  of  specific  heats).  This  has  not 
been  observed  to  occur.  The  failure  of  the  model  at  higher  Mach  numbers  was 
pointed  out  by  Davie  s  (1969)  who  questioned  the  assumption  of  the  basic 
model,  that  properties  of  the  boundary  layer  feed  gas  should  determine  the 
pressure  under  the  bifurcated  foot  and  hence  the  foot  angle  a  . 

Byron  and  Rott  (1961)  also  pointed  to  the  existence  of  a  minimum  Mach 
number  in  the  boundary  layer  at  a  finite  distance  from  the  side  wall.  They 
showed  that  if  the  boundary  layer  stagnation  pressure  is  calculated  with  this 
Mach  number,  the  rapid  increase  of  a  with  increasing  M^  is  avoided. 

Extensive  calculations  made  by  Honda  et  al.  (1975)  taking  into  account 
dissociative  real  gas  effects  in  equilibrium,  showed  that  these  effects  also 
reduce  a  ,  and  hence  that  bifurcation  would  continue  to  occur  in  regions 
where  Mark's  analysis  suggested  it  would  not  be  possible.  For  this  paper,  we 
have  made  similar  calculations  for  nitrogen,  carbon  dioxide  and  argon,  for  the 
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first  two  gases  making  calculations  of  a  .  so  that  direct  comparison  with 
experimental  results  is  possible. 

Near  the  end  wall,  the  bifurcation  configuration  grows  linearly  with  distance 
from  the  end  wall.  The  growth  rate  loses  this  self- similarity  however,  as  it 
proceeds  away  from  the  end  wall.  Eventually  it  stops  growing  and  an  asymptotic 
height  h  may  be  defined.  This  behaviour  was  first  observed  by  Strehlow 
and  Coh°en  (1959).  Matsuo  et  al.  (1974)  have  proposed  a  model  to  describe 
this  phase,  in  which  the  boundary  layer  fluid  is  not  trapped  but  a  separation 
bubble  of  fixed  size  is  carried  along  with  the  reflected  shock.  In  this  model, 
the  determining  length  scale  for  h  is  the  boundary  layer  thickness.  In  the 
present  experiments  it  was  hoped  that  the  growth  of  h,  and  possibly  hQ, 
could  be  influenced  by  deliberately  changing  the  boundary  layer  thickness 
through  increased  wall  roughness. 


REAL  GAS  CALCULATIONS 

The  model  for  our  calculations  is  basically  the  same  as  that  of  Mark  (1958). 

In  accordance  with  the  assumption  that  the  boundary  layer  gas  is  at  wall 
temperature  and  is  brought  to  rest  relative  to  the  reflected  shock,  the  bound¬ 
ary  layer  stagnation  pressure  is  calculated  with  the  Mach  number  M^  ,  = 

U  /a.,  where  a,  is  the  speed  of  sound  in  the  undisturbed  test  gas."  The 
stagnation  pressure  is  then  computed  with  the  Rayleigh  supersonic  pitot 
pressure  formula  with  the  important  proviso  that  the  specific  heat  ratio  for 
the  boundary  layer  was  taken  to  be  that  after  the  incident  shock,  y ,  rather 
than  7^,  the  value  in  the  undisturbed  gas. 

At  the  conditions  of  interest  in  our  experiments,  i.  e.  4  <  M  <  9, 
significant  real  gas  effects  occur  both  across  the  incident  and  tne  reflected 
shock.  The  front  leg  of  the  bifurcated  foot  does  not  cause  a  significant  change 
in  the  composition  and  it  turns  out  that  this  shock  can  be  calculated  reasonably 
accurately  by  assuming  y  to  be  constant  across  it.  The  gas  model  allows 
for  vibrational  excitation  according  to  the  harmonic  oscillator  model,  as  well 
as  dissociation,  electronic  excitation  and  ionization.  The  results  of  these 
calculations  are  discussed  in  a  later  section. 


EXPERIMENT 

The  facility  used  in  the  experiments  was  the  large  free  piston  shock  tube  T3 
at  ANU.  The  driver  gas  in  this  device  is  heated  by  adiabatic  compression  with 
a  heavy  piston  driven  by  compressed  air.  The  temperature  of  the  driver  gas 
is  continuously  adjustable  by  choosing  the  initial  pressure  in  front  of  and  be¬ 
hind  the  piston  and  the  diaphragm  burst  pressure.  This  provides  the  very 
convenient  feature  (not  needed  in  the  present  experiments)  that  initial  shock 
tube  pressure  p^  and  M^  can  be  varied  independently  and  continuously  over 
wide  ranges.  1 

In  the  present  experiments  a  sharp-nosed  cookie  cutter  of  square  cross 
section  (4.  45  x  4.  45  cm)  and  36  cm  length  was  fixed  at  the  exit  plane  of  the 
circular  shock  tube  (7.  6  cm  diameter).  The  cookie  cutter  has  window 
positions  such  that  the  reflected  shock  can  be  photographed  at  the  end  wall  and 
approximately  2.  5  and  4.  5  test  section  heights  from  the  end  wall.  The  window 
diameter  is  approximately  6  cm,  so  that  it  overlaps  top  and  bottom  walls  of 


the  cookie  cutter. 
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One  of  the  main  difficulties  of  observing  high  speed  shocks  with  window  contact 
is  that  the  high  temperatures  encountered,  especially  in  reflected  shock  work, 
make  it  necessary  to  use  a  glass  of  low  thermal  expansion  coefficient  such  as 
quartz  or  one  of  the  new  ceramic-glass  mixtures  used  for  high  quality  teles¬ 
cope  mirrors.  Since  high  pressures  also  occur,  the  windows  also  need  to  be 
very  thick  and  thus  they  become  very  expensive.  Moreover,  the  modern 
ceramic  materials  are  poor  in  transmission  and  are  therefore  only  useful 
where  thin  windows  suffice.  To  avoid  high  cost,  the  windows  were  made  by 
gluing  a  thin  sheet  (2  mm)  of  quartz  onto  a  thick  (60  mm)  piece  of  Bk7  glass. 
Since  the  windows  are  only  exposed  to  high  temperatures  for  a  short  time  this 
thin  layer  of  quartz  was  sufficient  to  avoid  excessive  thermal  stress,  and  the 
windows  served  their  purpose  very  well.  Windows  with  ceramic  materials  of 
a  suitable  thickness  are  now  being  constructed  and  were  not  available  in  time 
for  our  experiments.  These  would  enable  the  Mach  number  to  be  increased 
considerably  beyond  our  range. 

The  flow  was  observed  by  either  a  differential  interferometer  or  a  shadow  - 
graph  system,  in  which  the  light  source  was  a  dye  laser  pumped  by  a  nitrogen 
laser.  To  avoid  complicated  alignment  difficulties  as  well  as  to  remove  the 
troublesome  spatial  coherence  of  the  light,  the  output  of  the  dye  laser  was 
conducted  to  the  focus  of  the  input  lens  of  the  optical  system  by  means  of  a 
glass  fibre  light  conductor-. 


RESULTS 

The  experiments  were  conducted  with  a  fixed  driver  condition  at  three  different 
initial  shock  tube  pressures  in  carbon  dioxide  and  nitrogen  and  at  a  single 
condition  in  argon. 


Testgas 

M1 

EB 

Reynolds  No. 
Length  =  d/2 

N2 

6.9  ±0.3 

10 

2.  5  x  loj! 

5.5  ±0.3 

20 

3.9  x  loj? 

4.8  ±  0.  3 

40 

6.  7  x  10 

C°2 

8.4  ±0.4 

5 

6.  5  x  loj? 

7.4  ±0.4 

10 

9.0  x  10* 

6.1  ±0.4 

20 

1. 2  x  10b 

Ar 

7.5  ±0.3 

10 

7.  5  x  104 

Table  1:  Experimental  Conditions 

Table  1  lists  the  conditions  of  the  experiments.  The  argon  shots  were  chosen 
in  such  a  way  that  no  significant  ionization  occurs.  The  shot  to  shot  variation 
is  indicated  in  table  1  by  the  error  in  the  Mach  number.  This  caused 
considerable  shot  to  shot  variation  particularly  in  the  scale  of  the  bifurcation. 
The  angle  a  was  affected  to  a  much  smaller  extent. 
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Fig.  2:  Shadowgraph  of  bifurcated  shock  in  =  6.1,  Pj  *  20  Torr. , 

x  =  0.  54  d  (d  =  test  section  height). 

Figure  2  shows  a  shadowgraph  of  the  flow  in  carbon  dioxide  at  a  stage  where 
the  reflected  shock  is  approximately  half  a  test  section  height  from  the  end 
of  the  square  tube.  Although  the  shock  system  is  somewhat  disturbed  by  the 
large  scale  turbulence  behind  it,  the  photograph  shows  clearly  the  bifurcation 
with  long  front  leg,  short  rear  leg,  contact  disontinuity,  separation  bubble  and 
central  normal  shock.  The  bifurcation  also  occurs  on  the  window,  of  course, 
so  that  the  light  that  passes  through  the  centre  of  the  testsection  in  front  of  the 
reflected  shock  has  to  pass  through  the  front  leg  of  the  bifurcation  on  both 
windows.  This  is  the  reason  for  the  turbulent  appearance  of  the  flow  in  that 
region. 

Figure  3  shows  the  calculated  and  measured  values  of  the  angle  a  .  For 
nitrogen,  vibrational  relaxation  behind  the  incident  shock  is  slow,  so  that  for 
M  <  4  the  vibrational  degrees  of  freedom  may  be  expected  to  remain  frozen. 
Relaxation  effects  may  be  expected  to  become  significant,  however,  at  least 
near  the  end  wall  when  4  <  <  6.  Beyond  M.  =  6,  the  relaxation  distance 

(at  our  density)  becomes  very  small.  The  experimental  results  reflect  this 
behaviour  nicely,  inasmuch  as  they  drift  from  the  calculated  curve  for 
vibrationally  frozen  incident,  equilibrium  reflected  shock  towards  that  for 
equilibrium  incident  and  reflected  shock  as  M  is  increased.  No  change  of 
a  with  distance  from  the  end  wall  could  be  observed.  This  leads  to  the  con¬ 
clusion  that  o  is  only  insignificantly  affected  by  relaxation.  The  experimental 
values  are  averages  over  photographs  taken  at  different  axial  positions  in  the 
tube. 

Similar  good  agreement  could  not  be  observed  in  carbon  dioxide.  The  experi¬ 
mental  points  lie  very  significantly  above  the  equilibrium  curve  in  figure  3, 
though  at  our  conditions  the  vibrational  relaxation  lengths  are  very  small,  and 


Reflected  Shock  Bifurcation  1 267] 

no  significant  dissociation  occurs.  With  the  strong  bifurcation  occurring  in 
carbon  dioxide,  it  may  well  be  that  the  structure  of  the  boundary  layer,  which 
is  not  accounted  for  by  Mark's  analysis,  is  important. 


Fig.  3;  Comparison  of  calculated  and  measured 
bifurcation  angles.  Notation:  I  -  incident  shock,  R- 
reflected  shock,  e  -  equilibrium,  f.  v.  -frozen 
vibration.  Ideal  gas  curves  are  labelled  with  y  - 
1. 4  or  1.  291.  ■  ,  • ,  A  ,  -  Nitrogen,  p.  =  40, 

20,  10  Torr.  □,  O,  A,  -  CO  ,  p.  =  2D,  10, 

5  Torr. 

The  most  interesting  calculations  were  those  made  for  argon.  No  calculations 
of  a  are  possible  because  the  criterion  for  bifurcation  is  not  satisfied  for 
5  <  M  <12.  Bifurcation  has  been  observed  in  argon  by  Kuiper  and 
Bersnader  (1969)  and  by  Takano  et  al.  (1979),  and  its  occurrence  was 
explained  by  ionization  after  the  reflected  shock.  Kuiper  and  Bershader  also 
observed  the  onset  of  bifurcation  to  coincide  with  the  passage  of  the  reflected 
shock  through  the  ionization  front  behind  the  incident  shock.  No  bifurcation 
was  observed  in  the  ideal  gas. 

Although  the  real  gas  effects  in  the  calculations  for  our  experimental  conditions 
were  insignificantly  small,  definite  evidence  of  separation  earn  be  observed  in 
our  experiments  in  argon.  This  is  shown  in  figure  4b  close  to  the  end  wall  and 
figure  4a  at  3  test  section  heights  from  the  end  wall.  At  this  condition,  the 
"boundary  layer  stagnation  pressure"  ie  2.  7  p„.  Mark's  model  earn  therefore 
certainly  not  be  considered  adequate  to  describe  this  case. 

Figures  5a  and  5b  show  two  shadowgraphs  taken  with  nitrogen.  5b  shows  the 
reflected  shock  configuration  close  to  the  end  wadi  and  5a  shows  it  at  5  test 
section  heights  from  the  end  wall.  The  most  striking  feature  of  figure  5a  is 
the  considerable  asymmetry  of  the  bifurcation.  This  is  brought  about  by  a 
slight  wall  roughness  in  the  form  of  a  triangular  ripple  on  the  upper  wall  of 
the  test  section.  Smadl  shocks  caui  be  seen  to  emanate  from  these  ripples.  This 
experiment  was  conducted  in  order  to  examine  whether  the  scale  of  the 
bifurcation  could  be  influenced  by  changing  the  character  atnd  the  scatle  of  the 
boundary  layer  encoutered  by  the  reflected  shock.  Cleaurly,  this  is  the  case. 
Results  of  a  number  of  other  experiments  of  this  type  are  shown  in  figure  6  as 
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Fig.  4:  Shadow  graphs  of  reflected  shock  in  ideal  gas  argon.  M  =  7.  5, 
p  =  10  Torr.  a)  x/d  =  0.  61,  b)  x/d  =  3.  09  1 

Note  clear  evidence  of  boundary  layer  separation. 


b  a 

Fig.  5:  Shadowgraphs  of  reflected  shock  in  nitrogen. 

Mj  =  6.9,  p  =  20  Torr. 

a)  x/d  =  0.  57,  smooth  walls. 

b)  x/d  =  4.9,  lower  wall  roughened  with  triangular  ripple, 
pitch  and  height  1. 2  mm.  Note  asymmetry  caused  by 
roughness. 

a  plot  of  bifurcation  size  versus  distance  of  the  reflected  shock  from  the  end 
wall.  This  shows  very  clearly  the  initial  growth  and  asymptotic  constant  value 
of  h  for  the  smooth  wall,  contrasting  with  the  continued  linear  growth  in  the 
case  of  the  rough  wall. 

Similar  experiments  in  carbon  dioxide  show  a  different  behaviour,  see  figure 
7.  Initially,  the  growth  of  the  bifurcation  on  the  rough  wall  is  slower  than 
on  the  smooth  wall,  but  far  from  the  wall,  the  rough  wall  bifurcation  reaches 
an  asymptotic  value  slightly  larger  than  the  smooth  wall  value.  The  growth  is 
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Fig.  6:  Growth  of  bifurcation  in  nitrogen  M  =  6.  9,  p  =  20  Torr. 

O  -  smooth  wall,  •  -  rough  wall. 

not  linear  in  x.  The  evidence  of  these  experiments  seems  to  confirm  the 
suggestion  of  Matsuo  et  al.  (1974)  that  the  asymptotic  size  of  the  bifurcation 
is  proportional  to  a  length  scale  pertaining  to  the  boundary  layer,  but  the 
mechanism  which  causes  the  change  from  the  linear  growth  to  a  steady  state 
is  not  clear. 


CONLU  SIONS 

1.  Real  gas  effects  modify  reflected  shock  bifurcation  significantly. 

2.  The  simple  model  of  Mark  with  real  gas  modification  gives  good  pre¬ 
dictions  for  bifurcation  of  intermediate  strength  (e.g. N  ). 

3.  For  monatomic  ideal  gas,  where  theory  predicts  no  bifurcation,  definite 
evidence  of  it  can  be  observed  in  our  experiments. 

4.  Strongly  bifurcating  situations  (e.g.  CO  )  are  poorly  predicted  by  the 

Mark  model.  2 

5.  Wall  roughness  can  have  a  dramatic  effect  on  the  growth  and  asymptotic 
height  of  the  bifurcation,  but  the  mechanism  of  the  transition  from  linear 
to  small  growth  rate  is  not  understood. 
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In  shock  tube  flow  a  fluid  particle  is  marked  by 
laser-induced  breakdown.  The  marking  is  detected 
about  15  cm  downstream  by  a  schlieren  arrangement. 
The  error  in  distance  and  time  is  less  than  2  per¬ 
cent.  The  particle  paths  are  influenced  by  both 
wall  boundary  layers  and  attenuation,  the  latter 
being  known  from  a  shock  path  measurement  with 
high  accuracy.  Thus  flow  marking  provides  a  method 
to  check  the  shock  tube  boundary  layer  models  and 
to  determine  the  value  of  a  parameter  characteriz¬ 
ing  the  mass  loss  term  of; the  free  stream.  The 
marking  measurements  are  compared  with  numerical 
computations  of  the  nonequilibrium  flow  starting 
from  the  actual  shock  path.  If  the  flow  is  marked 
in  the  initial  zone  where  the  influence  of  chemical 
reactions  on  the  flow  velocity  is  negligible  simple 
analytic  formulae  can  be  used  instead  ^^or  our 
shock  tube  with  5.2  *  5.2  cm2  cross  section 'ire 
find  that  the  parameter  K  of  Yu.  A.  Dem'yanov  has 
to  be  enlarged  by  a  factor  of  1.8,  the  error  being 
15  percent.  In  chemical  kinetics  studies  this  en¬ 
largement  clearly  has  a  considerable  influence  on 
the  reaction  rates.  Measuring  the  particle  path, 
flow  marking  appears  to  be  the  most  reliable  method 
to  determine  the  boundary  layer  parameter. 


INTRODUCTION 


As  is  well  known,  chemical  kinetics  in  shock  tube  flow  is  in¬ 
fluenced  by  boundary  layers  and  flow  non-uniformity.  As  a  conse¬ 
quence,  the  temperature  is  substantially  different  from  its  ideal 
value,  a  situation  which  all  the  more  applies  to  th?  reaction 
rates.  While  the  variation  of  the  shock  velocity  can  be  measured 
with  high  accuracy  by  recording  the  passage  time  of  the  shock 
front  at  several  laser  beams  (see  fig.  1)  one  usually  has  to  re¬ 
sort  to  theoretical  predictions  of  the  influence  of  boundary 
layers . 
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Fig.  1  -  Schematic  of  the  shock  tube  and  the  arrangement  for  shock 
speed  measurement  and  flow  marking. L  1  through  L  6  are  the  lasers 
monitoring  the  shock  front  passage.  The  fluid  particle  is  marked 
at  the  position  of  L  5  and  is  detected  by  a  schlieren  photograph 
through  the  window  15  cm  downstream  (see  also  fig.  2). 

In  the  case  of  laminar  boundary  layers  the  commonly  used 
similarity  model  (e.  g.  refs.  1-8)  yields  the  familiar  square  root 
dependence  of  the  boundary  layer  thickness  on  the  distance  to  the 
shock  front.  The  effect  of  the  boundary  layers  on  the  free  stream 
can  be  represented  by  a  mass  loss  term  at  the  right  hand  side  of 
the  continuity  equation 


£P  +  0  iu  _  R  _ 

m  +  p  -  R  - 


8pu  (dRe [ x  -  x])_l/z, 

5 


where  p,  u,  d.  Re,  and  xs  are  the  density,  flow  velocity,  shock 
tube  diameter,  Reynolds  number,  and  shock  front  coordinate,  re¬ 
spectively.  8  is  a  numerical  parameter  slightly  different  in  value 
for  different  theories.  For  atomic  gases  Yu.  A.  Dem'yanov1  gives 
8  =  2.72  while  P.  J.  Musgrove  and  J.  P.  Appleton2  find  8  =  2.9^. 
Following  H.  Mirels^j^,  a  steady  free  stream  is  often  represented 
by  its  quasi  one-dimensional  analogue  (varying  cross  section). 

To  take  into  account  the  influence  of  boundary  layers  on  the 
history  of  a  fluid  particle  we  used  the  mass  loss  term  R  of  equa¬ 
tion  (1)  with  the  value  of  8  still  to  be  determined.  This  seems  to 
be  a  reasonable  ass”mption  since  several  authors9>i0,ll  came  to 
the  conclusion  that  more  realistic  boundary  layer  flows  than  the 
original  equilibrium  flow  nevertheless  could  be  approximated  quite 
well  by  a  similarity  law  as  far  as  gas  density  and  velocity  are 
concerned.  The  influence  of  shock  attenuation  is  fully  accounted 
for  by  measuring  the  shock  path  with  a  laser  beam  deflection 
method . 
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Our  investigations  in  ionization  relaxation  showed  that  the 
effect  of  boundary  layers  is  larger^, 13  than  given  e.  g.  by  Yu. 

A.  Dem'yanov1  (H.  Mirels3,^  theory  does  not  apply  since  maximum 
plug  length  is  not  attained).  This  is  not  surprising  because  the 
similarity  model  is  based  on  idealized  assumptions  as  for  instance 
a  circular  cross  section  of  the  shock  tube  with  a  large  diameter 
and  non-ionized  boundary  layers.  Since  the  enlargement  of  the 
parameter  0  was  inferred  mainly  from  comparison  of  computed  elec¬ 
tron  density  profiles  with  ne-values  measured  in  the  relaxation 
zone  of  shock  waves,  we  wanted  to  control  this  finding  by  a  direct 
measurement . 

To  this  purpose,  we  marked  a  fluid  particle  by  a  laser- 
induced  gas  breakdown  and  detected  this  small  cloud  of  excess 
ionization  some  ten  centimeters  downstream  by  a  schlieren  arrange¬ 
ment.  The  result  is  a  value  of  the  mean  flow  velocity.  In  case  the 
experiment  is  performed  entirely  within  the  initial  relaxation 
zone  (heat  bath  region)  it  can  be  evaluated  utilizing  an  approxi¬ 
mate  formula  for  the  particle  path  to  yield  the  value  of  the  boun¬ 
dary  layer  parameter  8.  Otherwise  numerical  computations^ » 13  0f 
the  unsteady  flow  under  the  influence  of  the  boundary  layers 
represented  by  equation  (1)  have  to  be  carried  out. 

APPROXIMATE  FORMULA  FOR  PARTICLE  PATHS  UNDER  THE  INFLUENCE  OF 
BOUNDARY  LAYERS  AND  SHOCK  ATTENUATION 

In  order  to  determine  the  boundary  layer  parameter  8  of  equ. 
(1)  by  flow  marking  one  has  to  calculate  particle  paths.  In  prin¬ 
ciple,  this  has  to  be  done  by  numerical  computation  since  the  un¬ 
steady  non-equilibrium  flow  equations  comprising  the  rate  equa¬ 
tions^, 13  are  far  too  complicated  to  have  solutions  in  closed 
form.  If,  however,  the  marking  point  *  and  the  detection  point  0 
(see  fig.  2)  are  within  the  initial  relaxation  zone  where  the  in¬ 
fluence  of  the  chemical  reactions  on  the  flow  is  negligible  simple 
approximate  formulae  can  be  used  instead.  For  ionization  relaxa¬ 
tion  in  krypton  this  heat  bath  region  extends  to  ionization  degrees 
of  some  10”  ,  that  is  to  about  one  third  of  the  relaxation  time 
for  Mach  10  shock  waves. 


Fig.  2  -  x-t-diagram 
of  flow  marking  (cur¬ 
vature  exaggerated) 

*  ,  marking  by  laser- 
induced  breakdown 
® ,  detection  of  mar¬ 
ked  fluid  particle. 


In  the  approximate  formula  (3)  the  coordinate  x  is  given  as  a 
function  of  the  particle  time 


x-t—  to,  (2) 

which  is  the  time  elapsed  from  the  instant  the  particle  entered 
the  shock  front  at  the  point  x0  (see  fig.  2).  Mathematically 
speaking  this  function  is  not  analytic  since  the  expansion  does 
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not  proceed  in  integer  powers  of  t,  which  is  due  to  the  structure 
of  the  boundary  layer  term  R  of  equ.  (1), 


x  =  x 


0  +  U0T  +  ^Aj  gx 


2„  3- 3 / 2  +  !  (A2g2 


+  A, a)  x; 


(3) 


u0  denotes  the  flow  velocity  at  the  point  (x0,  t0 )  of  entry  and 
has  to  be  calculated  by  means  of  the  Rankine-Hugoniot  relations 
from  the  shock  velocity  u„  at  this  point.  The  shock  velocity  is 
determined  from  the  shock  path  which  in  turn  is  based  on  the  pass¬ 
age  times  of  the  shock  front  at  eight  laser  beams  (see  fig.  1). 

For  the  evaluation  of  flow  marking  experiments  it  is  sufficient  to 
find  a  local  parabola  passing  through  the  laser  deflection  stations 
L  4,  L  5,  and  L  6,  and  to  determine  the  value  of  a  local  attenuation 
coefficient  2.=  (dus/dx)/us,  measuring  the  instationarity  of  the 
shock  path.  The  influence  of  the  boundary  layers  is  represented  by 
the  parameter 


which  is  part  of  the  mass  loss  term  in  equ.  (l). 


The  coefficients  Ax ,  A2 ,  and  A3  have  to  be  calculated  from 
u0,  us  ,  the  density  p0,  and  the  sound  speed  a0  at  the  entering 
point  \ Rankine-Hugoniot  values). 


A,  =  (u  -  u0)1/,2A  with  A  = 


K+1  us  ~u° 


K-l  1 

=  3  £+T  a°  +  F 


(1-3  T-—2-)  A5 


1  u§ 


UL  +  a2 


P.  Uc 


_  _  a0  (,  a  0  I  _ 1_ 

K  +  1  U.  *■  ul  K  +  1  P„' 


(5) 

(6) 

(7) 


k  =  Cp/cv  denotes  the  ratio  of  specific  heats,  Pj  and  a,  are  the 
density  and  the  sound  speed  ahead  of  the  shock. 


Our  method  to  determine  the  boundary  layer  parameter  3  by 
flow  marking  can  now  be  made  clear;  marking  *  and  detecting  © 
means  to  fix  two  ( x, t )-positicns  of  a  fluid  particle  on  its  path 
(see  fig.  2).  Each  position  has  to  fulfill  the  equ.  (3)  for  the 
particle  path.  The  corresponding  two  equations  serve  to  determine 
the  following  two  unknowns, 

1)  the  time  t0  of  shock  front  entry, 

2)  the  boundary  layer  parameter  6  =  /dReB . 


This  approach  is  in  a  sense  complementary  to  that  of  refs.  I1) 
through  17  where  the  shock  path  is  predicted  by  an  ab  initio 
calculation  of  the  shock  tube  flow.  For  vanishing  boundary  layers 
(B  =  0;  only  shock  attenuation)  equation  (3)  is  in  conformity  with 
the  shock  expansion  theory  of  H.  Mirels1*  and  also  with  the  corre- 


Details  of  the  derivation  and 
be  published  elsewhere^. 


related  physical 


quantities  will 
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sponding  exquations  of  P.C.T.  de  Boer  and  J.A.  Miller^.  Since 
H.  Mirels'  boundary  layer  expressions  apply  to  the  case  of  con¬ 
stant  plug  length  only,  which  we  do  not  assume,  merely  asymptotic 
agreement  can  be  stated. 

PRINCIPLE  OF  MEASUREMENT 

In  the  shock  tube  plug  a  fluid  particle  is  marked  by  a  laser- 
induced  gas  breakdown.  The  resulting  small  cloud  of  excess  ioniza¬ 
tion  travels  with  the  flow  and  can  be  made  visible  by  a  schlieren 
arrangement  some  tube  diameters  downstream  due  to  the  change  in 
the  refraction  index.  The  flow  is  marked  at  the  station  xl  at  the 
time  t^  (see  fig.  2).  At  time  tn  =  tL  +  At  the  marked  fluid  part¬ 
icle  is  detected  at  a  distance  D  downstream  at  the  station  Xn  by  a 
schlieren  photograph  (compare  fig.  3,  too).  The  particle  path  bet¬ 
ween  these  two  stations  cannot  be  visualized.  As  has  been  snown 
in  the  preceding  paragraph,  however,  two  points  of  the  particle 
path  are  sufficient  to  determine  the  boundary  layer  parameter. 

By  varying  the  time  tM  relative  to  the  passage  time  of  the 
shock  front  at  xL  the  flow  can  be  marked  at  arbitrary  distances 
behind  the  front.  In  this  way  mean  values  u  =  D/At  of  the  flow 
velocity  can  be  measured  at  different  parts  of  the  plug.  For  steady 
shock  waves  one  should  be  able  to  check  the  limitation  of  the 
similarity  assumption  for  the  boundary  layers,  too. 

FLOW  MARKING  IN  SHOCK  TUBES 

The  shock  waves  are  generated  in  a  hydrogen-driven  diaphragm 
shock  tube  of  6  m  length  and  a  quadratic  cross  section  of 
52  x  52  mm2  (see  fig.  1).  Before  filling  it  with  test  gas  it  is 
evacuated  to  a  rest  gas  pressure  of  about  6  •  10~6  Torr. 

The  shock  path  is  measured  by  a  laser  beam  deflection  method. 
Eight  equidistant  beams  of  He-Ne  lasers  cross  the  shock  tube  per¬ 
pendicular  to  the  flow  direction  and  will  only  illuminate  the 
photodiodes  if  the  beam  is  deflected  by  the  shock  front  passing. 
The  amplified  signals  of  the  diodes  start  and  stop  a  7-channel 
10  MHz  counter,  displaying  the  times  Atj  between  two  successive 
pulses.  The  maximum  error  in  the  determination  of  a  single  time 
interval  is  ±  0.2  % .  The  distance  between  two  laser  beams  can  be 
determined  with  an  error  £  0.1  %. 

For  our  numerical  computations  of  the  ionization  relaxation^ >13 
we  fit  a  polynomial  to  these  data,  since  for  relaxation  times  of 
about  100  ys  values  of  the  shock  velocity  enter  the  computation 
belonging  to  a  running  distance  of  about  2  m.  Usually  a  polynomial 
of  degree  3  or  2  gives  the  best  fit,  as  might  have  been  expected, 
because  the  shock  front  first  accelerates  due  to  the  finite  open¬ 
ing  time  of  the  diaphragm  and  then  decelerates  due  to  friction. 

For  the  evaluation  of  flow  marking  experiments,  being  locally  con¬ 
fined,  however,  we  use  a  parabolic  interpolation  between  the  laser 
stations  L  4,  L  5,  and  L  6  (see  fig.  1).  The  error  of  the  shock 
speed  is  ±  0.3  %,  its  attenuation  coefficient  a  is  typically 
2  -  3  %  m“ 1  . 

As  has  been  mentioned  in  the  previous  paragraph  the  flow  mark¬ 
ing  is  achieved  by  a  gas  breakdown  which  is  generated  at  the  shock 
tube  axis  by  focussing  the  radiation  of  a  q-switched  100  MW  ruby 
laser  (see  fig.  3).  Part  of  the  laser  light  illuminates  a  photo¬ 
diode  which  starts  a  10  MHz  counter.  The  counter  is  stopped  by  the 
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signal  of  another  photodiode  which  detects  part  of  the  light 
emitted  by  a  second  q-switched  ruby  laser.  This  laser  is  the  back¬ 
ground  light  source  of  a  sensitive  schlieren  arrangement  by  means 
of  which  the  marked  volume  is  photographed  about  15  cm  downstream 
of  the  breakdown.  The  two  laser  pulses  have  a  half  width  time  of 
30  ns . 
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Pig.  3  -  Shock  tube  section 
with  marking  by  laser- 
induced  gas  break  down  and 
detection  of  marked  fluid 
particle  by  a  schlieren 
arrangement.  For  the  loca¬ 
tion  of  the  shock  tube 
section  see  fig.  1. 


Measured  data  are  the  time  At  between  the  two  laser  pulses 
and  the  distance  D  covered  by  the  marked  fluid  particle  which  is 
obtained  from  the  schlieren  photo  (see  fig.  4 ) .  The  maximum  error 
for  At  is  about  ±0.5  %  while  D  is  measured  with  an  error  of  about 
±  2  %.  The  investigations  were  carried  out  with  krypton  at  a  test 
gas  pressure  of  10  through  20  Torr  and  Mach  numbers  of  8  through 
11.  In  a  series  of  measurements  the  flow  was  marked  at  labtimes  t^ 
ranging  from  6  to  250  ps  (see  fig.  2).  Only  in  case  the  flow  is 
marked  near  the  shock  front  the  latter  will  be  photographed  to¬ 
gether  with  the  marked  fluid  particle,  as  is  shown  in  fig.  4. 


Fig.  4  -  Schlieren 
photograph  of  the 
shock  tube  flow  behind 
the  shock  front  which 
is  to  be  seen  as  a 
narrow  line.  The 
schlieren  image  of 
the  marked  fluid  part¬ 
icle  is  on  the  left 
hand  side. 
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RESULTS 

Pig.  5  gives  an  overview  of  ten  successive  marking  experiments 
with  test  gas  pressure  of  12.0  Torr  (numbers  1532  through  15^1). 
The  Mach  number  Mg  at  the  station  xp,  of  the  marking  laser  varied 
only  by  ±  0.5  %•  The  diagram  shows  the  measured  mean  flow  velo¬ 
city  u  =  D/At  normalized  to  the  shock  velocity  us  vs.  the  time  t^ 
elapsed  between  shock  front  passage  and  marking  at  the  station  x^ 
(compare  fig.  2).  For  comparison  the  broken  line  indicates  the 
normalized  value  of  the  flow  velocity  u2  immediately  behind  the 
shock,  calculated  by  means  of  the  Rankine-Hugoniot  relations. 
Clearly,  the  flow  velocity  deviates  substantially  from  the  value 
it  would  have  without  the  influence  of  boundary  layers  and  shock 
attenuation . 


Pig.  5  -  Measured 
values  of  the 
normalized  mean 
flow  velocity 
u/us  vs.  time  tM 
after  shock  front 
passage.  Plotted 
are  10  successive 
experiments,  all 
at  test  gas  pre¬ 
ssure  of  12  Torr 
and  practically 
equal  Mach  number 
10.0  at  laser  5* 
For  comparison, 
the  broken  line 
gives  the  norm¬ 
alized  flow  velo¬ 
city  immediately 
behind  the  shock 
front . 

This  deviation  is  large  for  marking  experiments  far  off  the 
shock  front  and  tends  to  a  constant  value  for  marking  near  the 
shock  front.  The  reason  therefore  is  that  the  mean  velocity  is 
determined  over  approximately  the  same  time  interval  At  of  about 
80  ps  for  all  shots.  If  it  were  possible  to  mark  the  flow  immed¬ 
iately  behind  the  shock  front  the  resulting  asymptotic  mean  velo¬ 
city  would  be  -jr  (u2  +  u(At)}  >  u2  since  u(At)  >  u2  due  to  boundary 
layer  influence . 

Because  we  measure  mean  velocities  and  the  flow  is  unsteady 
the  upper  curve  of  fig.  5  cannot  be  viewed  at  as  the  velocity 
graph  of  one  fluid  particle.  For  the  evaluation  of  a  marking 
experiment  one  has  to  determine  the  time  t  at  which  the  marked 
fluid  particle  originally  entered  the  shock  front  (see  fig.  2). 

One  can  imagine  that  even  this  partial  result  depends  on  the  cur¬ 
vature  of  the  shock  path,  i.  e.  the  attenuation.  For  experiments 
within  the  heat  bath  region  of  the  flow  the  evaluation  can  be 
carried  out  with  equation  (3)  for  the  particle  path  (compare  sec¬ 
ond  paragraph) .  If  the  experiment  extends-  to  a  region  where  the 
chemical  reactions  have  a  marked  influence  on  the  flow  velocity 
numerical  computations  of  the  non-equilibrium  flow  with  different 
values  of  the  boundary  layer  parameter  g  have  to  be  performed, 
instead.  Since  the  shock  path  is  already  determined  the  value  of 
&  is  varied  in  order  to  find  a  particle  path  through  the  points  * 
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and  ©  of  fig.  2.  For  the  details  of  the  numerical  computation  of 
ionization  relaxation  s 
now  accounted  for,  too^ 

The  present  measurements  allow  the  conclusion  that  in  a  shock 
tube  of  conventional  surface  quality  the  actual  boundary  layers 
are  thicker  than  predicted  by  existing  similarity  models.  For  our 
shock  tube  we  find  a  value  of  the  boundary  layer  parameter  $  of 
4.8,  the  error  being  15  per  cent.  This  finding  agrees  with  a 
conclusion  we  draw  from  relaxation  measurements  in  shock  heate 
krypton.  In  order  to  achieve  agreement  between  model  computations 
and  measured  values  of  e.  g.  the  electron  density  a  boundary  layer 
parameter  of  about  the  same  value  had  to  be  taken.  The  correspond¬ 
ing  theoretical  value  of  Yu.  A.  Dem'yanov1  is  6  =  2.72,  i.  e. 
smaller  by  a  factor  of  1.8.  P.  J.  Musgrove  and  J.  P.  Appleton^  use 
a  different  velocity  profile  and  predict  6  =  2.94  which  is  smaller 
by  a  factor  of  1.6.  -  Experiments  which  extend  to  a  larger  range 
of  parameters  are  in  preparation. 

CONCLUDING  REMARKS 

Possible  reasons  for  the  stronger  influence  of  the  shock  tube 
boundary  layers  on  the  free  stream  may  be  the  uneven  surface  of 
the  tube  wall  and  the  remaining  small  irregularities  of  the  tube 
(<  50  pm)  due  to  the  windows.  Also,  the  similarity  model  of  the 

boundary  layers  is  based  on  idealized  assumptions  as  for  instance 
a  circular  cross  section  of  the  shock  tube  with  large  diameter, 
equilibrium  and  steady  flow. 

The  side  wall  boundary  layers  of  a  shock  tube  can  be  determ¬ 
ined  under  unsteady  non-equilibrium  conditions  by  taking  into 
account  also  plasma  processes.  The  drawbacks  of  wall  irregularities, 
a  quadratic  cross  section  (well  suited  for  diagnostics),  residual 
gas,  impurities,  and  a  possibly  curved  shock  front  etc.,  however, 
cannot  be  overcome  totally  and  limit  the  accuracy  with  which  the 
free  stream  properties  can  be  predicted.  Therefore,  it  seems  to  be 
appropriate  to  accept  the  form  (3)  of  the  mass  loss  term  as  a 
practical  approximation  and  to  use  a  tube  specific  value  of  the 
boundary  layer  parameter. 


*e  refs.  12  and  13;  radiation  cooling  is 
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The  study  concerns  theoretical  analysis  of  stability 
and  experimental  investigation  of  transition  for 
laminar  wall  boundary  layers  developed  within  plane 
expansion  waves  and  behind  shock  waves  traveling 
into  gas  at  rest.  The  stability  analyses  involved 
approximate  methods  for  critical  stability  Reynolds 
numbers,  numerical  integration  of  the  Orr-Sommerfeld 
equation,  and  a  multiple-scales  perturbation  tech¬ 
nique  for  unsteady  boundary  layers.  In  the  experi¬ 
ments  several  techniques  were  used  to  detect  tran¬ 
sition.  Expansion-wave  transition  times  measured 
are  typically  five  times  larger  than  reported  by 
previous  investigators.  Shock-wave  transition  times 
are  generally  in  close  agreement  with  previous  re¬ 
sults.  Most  of  the  transition  times  are  less  than 
critical  stability  values  from  linear  theory. 

1.  Introduction 

Transition  time  data  for  the  shock-wave  boundary  layer  have 
been  obtained  by  a  number  of  previous  investigators  (e.g.  1-5). 

All  shock-wave  transition  Reynolds  numbers  of  past  investigations 
are  below  the  critical  stability  values  calculated  by  Ostrach  and 
Thornton  (6)  from  linear  stability  analysis.  Boundary  layer  tran¬ 
sition  within  the  expansion  wave  (Fig.  1)  has  apparently  been  pre¬ 
viously  studied  by  only  two  investigators  (1,7).  Chabai  (1)  used 
thin- film  surface  thermometers  and  Mack  (7)  used  an  interferometer 
to  detect  transition.  Transition  times  measured  could  not  be  cor¬ 
related  with  any  particular  Reynolds  number. 

The  present  paper  presents  experimental  results  for  expansion- 
wave  and  shock-wave  boundary-layer  transition  obtained  using  thin- 
film  surface  thermometers,  surface  hot-film  anemometers,  and  a  hot¬ 
wire  anemometer  within  the  boundary  layer.  Also  presented  are  re¬ 
sults  of  a  stability  analysis  of  the  expansion-wave  boundary  layer. 
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A  more  detailed  account  of  the  work  is  given  in  Ref.  8. 

2.  Stability  Analysis  of  Expansion-Wave  Boundary  Layer 


The  expansion-wave  wall  boundary-layer  is  assumed  to  be  a  thin, 
laminar,  two-dimensional,  unsteady,  compressible,  perfect-gas  boun¬ 
dary  layer  developed  within  an  ideal  centered  expansion  wave  which 
is  plane  and  isentropic.  Previous  theoretical  analyses  (9-13)  and 
experiments  (1,12,13)  confirm  this  base-flow  model  except  for  non- 
centered  wave  effects  (11-13)  herein  neglected.  The  inviscid 
perfect-gas  flow  then  depends  only  on  the  similarity  variable  S  = 

1  +  (x/aQt)  where  aQ  is  the  sound  speed  of  the  initial  gas  at  rest 
(Pig.  1).  For  conditions  considered  the  wall  temperature  change  is 
very  small  and  can  be  neglected  (10).  The  mean  boundary-layer  flow 
is  then  described  in  terms  of  S  and  a  normal  similarity  coordinate 
n  defined  by 


n 


(vot) 


-1/2 


( p/pQ)dy 


where  v  =  p/p  is  kinematic  viscosity,  t  =  St  is  the  time  after  wave- 
head  arrival  at  station  x,  and  y  is  normal  distance  from  the  wall. 
Solutions  for  streamwise  velocity  u  (along  x)  and  temperature  T  in 
the  boundary  layer  are  given  in  Refs.  9,  10,  and  13. 


The  preceding  base  flow  model  is  inherently  unsteady  as  well 
as  nonparallel  in  space.  The  usual  approach  to  stability  analyses 
of  such  unsteady  flow  is  to  assume  the  stability  is  quasi-steady, 
i.e.  that  the  disturbance  field  depends  only  on  the  instantaneous 
velocity  profile  etc.  of  the  mean  flow  and  not  on  the  mean  flow  time 
derivatives.  This  requires  disturbance  characteristics  times  to  be 
much  smaller  than  the  time  characterizing  changes  of  the  mean  flow. 

It  is  shown  (8)  that  the  expansion-wave  boundary  layer  Is  near  quasi- 
steady  for  stability  over  a  wide  range  of  conditions.  Accordingly, 
the  present  stability  analyses  mainly  assumed  a  quasi-steady,  quasi¬ 
parallel  ( QSQP )  model. 


Close  to  the  expansion  wavehead  S  is  small  (S  increases  from 
0  at  the  wavehead  to  1  at  x  =  0)  and  the  flow  is  essentially  in¬ 
compressible.  Assuming  a  two-dimensional  Tollmien-Schlichting  dis¬ 
turbance  field  the  governing  equation  for  the  linear  stability  of 
this  QSQP  model  is  then  the  classical  Orr-Sommerf led  equation  (8,1*0. 
The  associated  eigenvalue  problem  was  solved  numerically  (8)  to  ob¬ 
tain  the  neutral  stability  curve  for  S  =  0,  i.e.,  at  the  expansion 
wavehead.  The  boundary-layer  in  this  case  is  identical  to  the  ini¬ 
tial  boundary  layer  on  a  semi-infinite  flat  plate  undergoing  con¬ 
stant  acceleration  from  rest.  The  mean  velocity  profile  at  S  =  0 
is  given  by  (10)  - 


The  numerical  method  used  (8)  Integrated  inward  from  outside  the 
boundary  layer  to  the  wall,  and  orthonormalization  was  necessary. 
Neutral  stability  eigenvalues  were  calculated  for  chosen  values  of 
Re^*  =  ug6*/ve  where  6*  is  the  local  displacement  thickness  and 

subscript  e  denotes  local  inviscid  flow  conditions.  The  resulting 
neutral  stability  curve  is  shown  in  Fig.  2.  The  critical  or  mini¬ 
mum  Reynolds  number  Re.»  for  stability  is  found  to  be  25.^88. 

5  cr 

Obtaining  the  entire  neutral  stability  curve  is  unnecessary 
if  only  Re5#c^  is  required.  For  Re^*  only,  an  approximate  method 
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developed  by  Lees  (15)  for  compressible  boundary  layer  flows  was 
used  (8)  for  the  QSQP  model.  Figure  3  shows  the  calculated  vari¬ 
ation  of  critical  Reynolds  number  Re.  based  on  momentum  thick¬ 
er 

ness  8  with  similarity  variable  S.  For  S  =  0,  Lees*  method  gives 

Re.*  =  26609,  k  =  .4039  and  u>  =  .0728.  These  values  com- 
q  cr  cr  cr 

pare  well  with  the  numerical  Orr-Sommerfeld  values  of  Re^#  = 
25,488,  kcr  =  .4022  and  wcr  =  .0773  (k  and  u  are  dimensionless  wave- 
number  and  angular  frequency  eigenvalues). 

The  preceding  stability  analyses  assume  a  QSQP  base  flow.  The 
nature  of  the  expansion-wave  boundary  layer  permits  perturbation  to 
obtain  more  accurate  results  for  small  departures  from  the  limiting 
QSQP  model  (8).  The  method  used  (8)  extends  the  method  of  multiple 
scales  used  in  Ref.  16  to  account  for  spatial  non-parallel  effects. 
In  the  present  study  both  slow  time  and  streamwise  space  variations 
of  the  mean  flow  are  included.  Numerical  application  of  the  analy¬ 
sis  is  presently  underway. 

3.  Experimental  Apparatus  and  Program 

The  apparatus  used  is  a  1.5  x  5  inch  internal  cross-section 
tube  sealed  by  a  diaphragm  from  the  surrounding  room  air.  For  ex¬ 
pansion  waves  the  tube  was  pressurized  above  atmospheric  or  room 
pressure.  In  this  case  the  tube  flow  discharged  to  the  room,  usu¬ 
ally  through  a  sonic-flow  orifice  plate.  For  shock  waves  the  tube 
was  partially  evacuated  and  functioned  like  a  shock  tube  of  infinite 
area  ratio  with  a  driver  pressure  or  one  atmosphere.  All  experi¬ 
ments  used  dry  bottled  air.  The  tube  walls  are  steel,  Kanogen 
nickel  plated,  and  relatively  massive  to  minimize  transient  vibra¬ 
tions  (wall  thickness  5/8  inch).  The  Interior  surface  roughness  is 
less  than  20  u-inch  rms.  The  transition  experiments  were  done  using 
the  boundary  layer  developed  on  the  5-inch  sidewalls  of  a  special 
4-foot  test  section  having  3-5  ft  of  polished  surface  free  of  any 
inserts  or  steps. 

Transition  was  detected  mainly  with  surface  or  flush  mounted 
hot-film  anemometers  (Disa  55A90)  consisting  of  a  nickel  film  on 
the  plane  end  surface  of  a  .187-inch  diameter  quartz  rod.  Confirm¬ 
ing  transition  data  were  obtained  with  a  hot  wire  (Thermal  Systems 
Inc.)  immersed  in  the  boundary  layer.  The  surface  hot-film  ane¬ 
mometer  was  found  to  give  a  much  more  sensitive  indication  of  tran¬ 
sition  for  expansion-wave  f ] ows  than  a  surface  thin-film  resistance 
thermometer.  Local  surface  static  pressures  were  measured  with 
Kistler  603A  piezoelectric  transducers.  The  transition  instrumen¬ 
tation  was  located  within  6  inches  of  one  end  of  the  4-foot  test 
section.  One  5-inch  sidewall  contained  two  hot  films,  flush  mounted 
in  .187-inch  diameter  holes,  with  one  film  mounted  1.75  Inches  off 
the  centerline  (.75  Inches  from  the  corner)  to  observe  possible 
corner  effects  or  transverse  variations  of  transition.  The  oppo¬ 
site  wall  contained  a  2-inch  diameter  plug,  machine  ground  and 
plated  In  position,  which  carried  the  hot  wire  probe  on  the  wall 
centerline . 

For  the  expansion-wave  boundary  layer,  transition  times  were 
obtained  at  distances  of  2.17,  4.60,  and  8.17  feet  from  the  dia¬ 
phragm  over  a  range  of  initial  air  pressure  pQ  from  35  to  145  psi. 
For  the  shock-wave  boundary  layer,  transition  times  were  measured 
at  7*5  feet  from  the  diaphragm  over  a  range  of  p0  from  1  to  7  psi. 
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4.  Experimental  Transition  Results  for  Expansion-Wave  Flow 

Figure  4  shows  typical  oscilloscope  recording  of  outputs  from 
the  flush  hot-film  anemometer  (FHFA)  on  the  wall  centerline  and  the 
hot-wire  anemometer  (HWA)  located  at  y  =  .022  inches  from  the  oppo¬ 
site  wall  centerline  for  the  expansion-wave  boundary-layer  flow  at 
4.6  ft  from  the  diaphragm.  The  initially  smooth  hot-film  output 
undergoes  a  large  and  near  step-like  increase  when  transition  occurs 
because  it  essentially  responds  to  the  local  surface  shear  stress 
or  skin  friction  (8).  Following  this  step-like  increase  the  ini¬ 
tially  smooth  hot-film  trace  has  a  pronounced  random  fluctuation 
indicative  of  turbulent  flow.  Coincident  with  the  sharp  increase 
in  the  hot-film  output  at  transition,  the  hot-wire  output  decreases, 
which  is  attributed  to  a  reduced  local  mean  velocity  due  to  sudden 
thickening  of  the  boundary  layer  on  transition.  The  two  transition 
times  (obtained  on  opposite  walls)  are  obviously  in  very  close 
agreement,  which  was  typical. 

Figure  5  shows  oscilloscope  recording  of  outputs  from  the  two 
flush  hot-film  anemometer  probes,  one  located  on  the  wall  center- 
line  and  the  other  .75  inches  from  the  corner,  for  the  expansion- 
wave  flow  at  8.17  feet  from  the  diaphragm.  Transition  occurs  ear¬ 
lier  at  the  corner  probe  location.  This  behavior  was  typical  at 
the  higher  pressures  used  (p0).  At  the  lower  pressures,  both  probes 
indicated  essentially  the  same  transition  times.  The  reason  for 
this  transverse  difference  in  transition  times  at  higher  pressures 
is  net  understood,  but  it  is  noted  that  the  1.5-inch  top  and  bottom 
walls  of  the  test  section  are  significantly  rougher  than  the  pol¬ 
ished  5-inch  sidewalls. 

Another  feature  of  the  corner  probe  is  that  at  certain  condi¬ 
tions  it  showed  early  transition  followed  by  relaminarization  before 
indicating  permanent  transition  to  turbulent  flow.  This  behavior, 
which  was  generally  not  observed  on  the  wall  centerline,  is  illus¬ 
trated  in  the  record  of  Fig.  6.  The  occurrence  of  this  turbulent 
"slug"  followed  by  laminar  flow  was  very  reproducible.  It  occurred 
only  at  intermediate  pressures,  depending  on  the  x  location,  and 
the  second  laminar  region  rapidly  shrank  and  disappeared  as  the 
pressure  level  was  increased. 

Table  I  gives  typical  measured  transition  times  for  the  ex¬ 
pansion-wave  boundary  layer  obtained  from  the  centerline  and  corner 
hot-film  probes.  Occurrence  of  the  relaminarization  phenomenon  is 
so  noted.  The  observed  transition  times  increase  with  distance  xs 
from  the  diaphragm  and  decrease  with  increasing  initial  pressure 
Po.  The  particle  path  lengths  to  transition  for  most  of  the  ex¬ 
periments  are  less  than  the  3-5  feet  of  clear  polished  surface  of 
the  test  section.  The  transition  times  at  xs  =  4.6  feet  are  almost 
constant  for  pQ  <  55  psi.  This  is  possibly  due  to  the  particle  path 
length  for  "natural"  transition  being  larger  than  3.5  feet  for  these 
conditions,  and  transition  thus  possibly  being  initiated  by  the  in¬ 
evitable  small  step  or  discontinuity  at  the  junction  of  the  test 
section  and  the  adjoining  tube  section  (all  such  steps  at  section 
junctions  were  less  than  .002  inch).  For  xs  =  8.17  feet  and 
p0  <  92  psi  transition  did  not  occur  until  shortly  after  the  re¬ 
flected  wave  had  reached  the  probe  station.  In  general,  the  tran¬ 
sition  times  observed  are  about  five  times  greater  than  those  re¬ 
ported  in  Ref.  1  for  nitrogen. 

Figure  8  illustrates  the  expansion  wave  transition  data  for 
the  wall  centerline  in  terms  of  local  Reynolds  number  Refi  =  ue6„/ve 
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at  transition  versus  similarity  variable  S.  The  calculated  critical 


stability  curve  for  Re. 


(from  Pig.  3)  is  also  shown.  Most  of 
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the  experimental  points  lie  below  the  stability  curve  and  tend  to 
show  an  opposite  trend  with  S. 

5.  Experimental  Transition  Results  for  Shock-Wave  Plow 

The  shock-wave  boundary-layer  experiments  were  limited  to  weak 
shocks  and  were  done  primarily  for  comparison  with  previous  studies 
as  a  basic  check  on  the  experimental  technique  and  apparatus.  The 
oscilloscope  record  of  Pig.  7  shows  outputs  from  the  two  hot-film 
probes  at  7.5  feet  from  the  diaphragm  for  a  shock  Mach  number  of 
1.18.  Transition  is  identified  as  the  second  steplike  increase 
(the  center  probe  also  shows  a  brief  early  transition  and  relami- 
narization  in  this  record) .  It  will  be  noted  that  the  corner  probe 
in  this  case  indicates  a  later  transition  than  the  centerline  probe. 
This  behavior  was  typical,  and  is  just  the  opposite  of  what  was  ob¬ 
served  for  expansion-wave  flow.  The  present  centerline  data  and 
those  of  previous  investigators  are  summarized  in  Fig.  9  which  shows 
transition  Reynolds  number  Rex  as  a  function  of  Tw/Tg  =  wall  to 


free  stream  temperature  ratio.  Rej 


is  based  on  the  distance  of 


transition  from  the  shock  wave  and  on  local  inviscid  velocity  and 
kinematic  viscosity,  the  velocity  being  that  for  shock-fixed  coor¬ 
dinates.  The  critical  stability  curve  for  ReXCR  (Ref>  6)  is  also 

shown.  Most  of  the  data  fall  below  the  stability  curve.  The  pres¬ 
ent  data  agree  rather  closely  with  the  results  of  Thompson  and 
Emrich  (5)  and  tend  to  show  the  opposite  trend  of  ReXTR  with  Tw/Te 

than  indicated  by  the  stability  limit. 

6.  Concluding  Remarks 

The  present  study  has  analyzed  theoretically  the  linear  sta¬ 
bility  of  the  expansion-wave  boundary  layer  and  experimentally  de¬ 
termined  transition  occurrence  in  both  expansion-wave  and  shock- 
wave  boundary  layers.  Transition  times  measured  for  the  expansion- 
wave  flow  are  much  greater  than  values  reported  by  previous  inves¬ 
tigators.  However,  most  of  the  transition  times  are  still  less 
than  the  calculated  critical  stability  limit.  The  present  shock- 
wave  transition  data  are  in  close  agreement  with  previous  data  of 
Thompson  and  Emrich  (5),  but  mostly  the  transition  Reynolds  numbers 
are  again  less  than  the  calculated  stability  limit.  For  both  shock 
and  expansion-wave  boundary  layers  it  thus  appears  that  transition 
is  determined  by  effects  or  mechanisms  not  accounted  for  in  the 
linear  stability  analyses  which  have  been  done. 
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Fig.  1  Centered  Expansion-Wave  Flow 
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Fig.  4 

Ex pa  ns ion -Wave  Boundary  Layer 
Record.  p0  =  45  psi,  xs  =  4.6 
ft.  (a)  pressure,  10  psi/cm, 

2  ms/cm  (b)  HWA  at  y  =  .022  in, 
2  v/cm,  2  ms/cm,  R0  =  6.95n, 
a  =  .5  (c)  FHFA  at  center,  .5 
v/cm,  2  ms/cm,  R0  =  13.1ft,  a  = 
.5.  (xs  =  diaphragm  distance, 
a  =  overheat  ratio). 


Fig.  5 

Expansion-Wave  Boundary  Layer 
Record.  p0  =  95  psi,  xs  =  8.17 
ft.  (a)  pressure,  20  psi/cm, 

2  ms/cm  (b)  FHFA  at  corner,  .5 
v/cm,  2  ms/cm,  R0  =  11.12ft,  a 
=  .2  (c)  FHFA  at  center,  .5 
v/cm,  2  ms/cm,  R0  =  13.1ft, 
a  =  .2. 


Fig.  6 

Expansion-Wave  Boundary  Layer 
Record.  p0  =  65  psi,  xs  =  5  ft. 
(a)  pressure,  10  psi/cm,  2 
ms/cm  (b)  FHFA  at  corner,  .5 
v/cm,  2  ms/cm,  R0  =  15.4ft, 
a  =  .5. 


Fig.  7 

Shock-Wave  Boundary  Layer 
Record.  p0  =  377  mmHg,  xs  = 

7.5  ft,  Ms  =  1.18.  (a)  FHFA 

at  corner,  (b)  FHFA  at  center, 
(c),(d)  pressures  at  xs  = 
10.58,  7.63  ft.  FHFA  .1  v/cm, 
a  =  .2.  pressures  4  psi/cm. 
Sweeps  1  ms/cm. 
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AN  ACCURATE  DETERMINATION  OF  THE  THERMAL  CONDUCTIVITY 
OF  ARGON  AT  HIGH  TEMPERATURES. 


A.  Hirschberg*,  P.J.  Vrugt,  J.F.H.  Willems,  M.E.H.  van, Dongen 
Laboratory  for  Fluid  Dynamics  and  Heat  Transfer ,  Department  of  Physios 
v  Eindhoven  University  of  Technology ,  Eindhoven ,  The  Netherlands 

A  method  is  described  to  obtain  the  thermal  conductivity  of 
a  gas  from  laser-schlieren  measurements  of  the  density  grad¬ 
ient  in  the  end-wall  thermal  boundary  layer  of  a  shock  tube. 

The  pressure  increase  after  shock  reflection  is  taken  into 
account.  Attention  is  given  to  the  contribution  of  higher 
order  derivatives  of  the  refractive  index  to  the  schlieren 
signal.  Data  on  the  thermal  conductivity  of  argon  are 
presented  for  temperatures  from  1500-2100  K  and  from  5000- 
6500  K.  They  appear  to  be  about  3%  lower  than  the  values 
based  on  the  intermolecular  potential  of  Aziz  and  Chen,  which 
is  attributed  to  the  influence  of  side-wall  boundary  layers. 


INTRODUCTION 

In  the  past  many  attempts  have  been  made  to  obtain  quantitative  informat¬ 
ion  on  the  heat  conductivity  of  non-ionized  gases  by  means  of  shock  tube 
experiments.  Such  studies  are  based  on  the  investigation  of  the  end-wall 
thermal  boundary  layer.  This  boundary  layer  is  induced  by  the  heat  flux  from 
the  hot  gas  in  the  reflected  shock  region  to  the  wall.  The  analysis  of  the  flow 
is  simplified  by  the  fact  that  viscous  effects  are  negligible.  The  boundary 
layer  structure  is  well  described  by  a  one-dimensional  model  if  the  tube  cross 
section  is  large  enough  compared  to  the  boundary  layer  thickness. 

Two  different  approaches  have  been  followed  in  order  to  obtain  thermal 
conductivity  data  from  shock  reflection  studies.  The  first  one  was  based  on 
measurements  of  the  heat  flux  to  the  wall  by  means  of  thin  metal  film 
temperature  gauges.  From  reviews  by  Saxena1  and  Vrugt2  one  can  conclude  that 
measurements  of  this  type  will  not  yield  thermal  conductivity  data  at  high 
temperatures  within  error  bounds  less  than  15%. 

The  alternative  approach,  initiated  by  Smeets3  and  Bunting  and  Devoto** , 
is  to  determine  the  boundary  layer  structure  itself  by  optical  means.  Although 
the  method  is  much  more  promising  as  has  been  shown  by  Kuiper5,  Ewald  and 
Gronig6  and  Vrugt2,  their  results  have  inaccuracies  not  less  than  !0%  so  far. 

Much  progress  has  been  made  in  the  knowledge  of  thermal  transport 
properties  of  the  noble  gases  in  particular  for  temperatures  below  2500  K7. 

*  present  address:  Shell  International  Research,  Rijswijk,  The  Netherlands 
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Above  that  temperature  the  shock  tube  is  still  the  only  possible 
source  of  data  so  that  is  is  worthwhile  to  improve  the  shock  tube 
method. 


PRINCIPLE  OF  THE  METHOD 


In  order  to  find  the  thermal  conductivity,  we  followed  the  procedure  of 
determining  all  terms  of  the  energy  equation,  as  proposed  by  Ewald  and  Gr'onig6. 
It  appears  to  be  sufficient,  for  a  given  shock  Mach  number  M  and  for  initial 
conditions  (pj,  Ti)  to  measure  the  density  gradient  in  the  outer  part  of  the 
boundary  layer  and  the  time-dependent  end-wall  pressuie.  In  a  previous  paper” 
laser-schlieren  measurements  of  the  density  gradient  for  moderate  Mach  numbers 
and  argon  as  testgas  were  found  to  be  in  good  agreement  with  theoretical  values 
based  on  the  accurate  thermal  conductivity  data  of  Chen  and  Saxena7 ,  when  the 
pressure  increase  of  about  10%  within  1  ms  was  taken  into  account. 


We  start  from  the  assumptions,  that  the  gas  is  monatomic  and  behaves 
calorically  perfect;  the  boundary  layer  approximation  is  assumed  to  be  valid, 
so  that  the  pressure  depends  only  on  time.  Temperature  T  and  density  out¬ 
side  the  boundary  layer  vary  isentropically  with  pressure  p,  starting  from  the 
ideal  Rankine-Hugoniot  values  just  after  shock  reflection.  Then,  the 
conservation  laws  of  mass  and  energy  can  be  brought  in  the  following  form: 


TTt  +  ?Tx  =  X  + 


0) 


T  t 


+  \  ip  - 

T  x  5  p”t 


P  X 


(2) 


where  subscripts  t  and  x  denote  differentiation  with  respect  to  time  and  space, 
and  with  q  denoting  the  heat  flux,  which  equals  -ATX, A  being  the  thermal 
conductivity.  An  explicit  expression  for  the  velocity  u  can  be  found  by 
equating  the  right  hand  sides  of  eqs.  (1)  and  (2)  and  integrating  the  resulting 
expression  with  respect  to  the  space  coordinate  x  starting  from  the  wall  at 
x  =  0: 

q; 

x  (3) 


_  2  A„ 
u  -  T  pTx 


1  JL, 

5  pP  t 


Subscript  i  is  used  here  to  indicate  the  interface  between  gas  and  wall.  The 
next  step  is  to  substitute  the  velocity  of  eq.  (3)  into  the  energy  equation  (2) 
which  is  somewhat  rearranged  to  give: 


!.  fiA  Z*  liii  -  A.  Efli.  + 

A  dT  T  T  1  ~  2  t'-tx 


2_  _t  _T_\ 
5  P  V 


(4) 


Since  the  temperature  itself  cannot  easily  by  measured  it  is  advantageous  to 
rewrite  eq.  (4)  in  terms  of  p  and  p.  With  the  notationvfor  T/A  dA/dT,  and 
using  the  isentropic  relation  ^pfc  ^  3pM/3t,  we  finally  obtain: 


x  =  5-  PR  [(P  -  Pco)t/Px  +  1  qj/p  -  £  Pt/P((x  +  (p  -  Poo)/Px)] 


(5) 


This  expression  is  used  as  the  basis  for  the  determination  of  A.  Nearly  all 
terms  can  be  determined  experimentally.  The  a-priori  unknown  exponent  v  can  be 
found  by  means  of  an  iterative  procedure.  In  practice,  however,  an  approximate 
knowledge  of  v  is  sufficient,  because  Pxx  appears  to  be  the  dominant  term  in 
the  denominater  for  the  outer  part  of  the  boundary  layer. 


The  effect  of  the  time  dependent  pressure  is  most  pronounced  in  the 
leading  density  term.  The  time  derivative  of  the  pressure  appears  to  give  a 
minor  contribution  to  A,  at  least  for  our  experimental  conditions.  The  experi¬ 
mental  determination  of  the  density  and  pressure  terms  is  described  in  the 
next  section.  The  heat  flux  q£  has  not  been  measured,  but  has  been  evaluated 
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theoretically.  This  is  possible,  because  the  heat  flux  q^is  mainly  determined 
by  the  thermal  conductivity  in  the  cold  gas  region  close  to  the  wall,  where  the 
thermal  conductivity  is  very  well  known.  The  1i/p  term  is  of  equal  importance 
as  (p  -  Poo)t/Px.  The  influence  of  the  time-dependent  pressure  on  the  heat  flux 
was  taken  into  account  by  applying  a  local  similarity  approach,  which  is 
described  in  appendix  B. 

EXPERIMENTAL  PROCEDURE 

Most  experiments  were  performed  in  a  10  x  10  cm2  shock  tube  at  an  initial 
testgas  pressure  of  667  Pa,  which  was  measured  by  means  of  a  micro-manometer 
with  an  accuracy  better  than  2  Pa.  The  impurity  level  of  the  argon  testgas, 
mainly  caused  by  leakage  and  outgassing,  was  less  than  2.1 0— 4 .  The  end-wall 
pressure  was  measured  by  means  of  a  piezo-electric  transducer  (Kistler  603  B) , 
which  was  calibrated  dynamically. 

The  boundary  layer  structure  was  determined  by  means  of  the  laser- 
schlieren  system  of  figure  I.  The  laser  beam  (Spectra-Physics ,  helium-neon 

laser  model  120.)  is  positioned 
parallel  to  the  end  wall  with  a 
possible  uncertainty  in  position  of 
+  6  pm.  The  beam  undergoes  a 
schlieren  deviation  <j>  which  is  in 
first  order  proportional  to  the 
density  gradient:  (|>  =  KpxL,  K 
being  the  Glads tone-Dale  coefficient 
and  L  the  width  of  the  test- 
section.  For  K  the  value  of 
1.582  1 0—l*  m3kg-1  was  taken.  This 
schlieren  deviation  is  measured  by 
means  of  a  photodetector  con- 
i  |  sisting  of  two  semi-circular 

i  sensitive  areas  positioned  at 

z  =  zj.  Before  each  experiment, 
the  system  was  calibrated  by 
moving  the  detector  in  the  x 
Fig.  1.  Sketch  of  the  laser-  direction, 

schlieren  set-up  and  definition 

of  the  reference  frame.  Several  precautions  were  taken 

in  order  to  reduce  the  contribution 
of  the  higher  order  derivatives  of 
the  density  to  the  signal.  The 
laser  beam  was  imaged  in  the  test 

section,  and  the  laser  beam  waist  w  ,  i.e.  beam  width  between  the  e-1  points 
at  its  smallest  cross-section,  has  Seen  chosen  such  that 

kQ  being  the  wavenumber  of  the  laser  light.  The  upper  bound  corresponds  to  a 
minimum  laser  beam  width  at  the  entrance  and  exit  windows,  and  the  lower  bound 
to  a  minimum  width  averaged  over  the  test-section.  Further,  the  position  of  the 
waist  was  chosen  at  a  distance  L/6  in  front  of  the  shock  tube  axis.  As  is  shown 
in  appendix  A,  the  contribution  of  the  second  density  derivative  to  the  signal 
is  then  made  as  small  as  possible.  The  contribution  of  the  higher  order  density 
derivatives  to  the  signal  was  estimated  by  means  of  a  wave  optics  analysis13, 
the  result  of  which  can  also  be  found  in  appendix  A. 

RESULTS  AND  DISCUSSIONS 

The  heat  conductivity  data  were  obtained  from  two  series  of  experiments, 
each  consisting  of  seven  runs.  The  temperature  range  covered  by  the  first 
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series  was  chosen  between  1500-2000  K,  so  that  the  thermal  conductivity  values 
could  be  compared  with  the  independent  accurate  data  of  Chen  and  Saxena  in 
order  to  investigate  the  reliability  of  the  method.  The  second  series  should 
yield  new  data  in  the  range  of  5000-7000  K.  For  both  series,  the  distance  of 
the  laser  beam  to  the  wall  was  varied  approximately  between  0.6  and  1.4  mm.  The 
initial  testgas  pressure  was  667  Pa.  The  recorded  end-wall  pressures  for  both 
series  of  experiments  are  shown  in  figure  2. 


(a)  (b) 

The  data  on  the  density  gradient  as  a  function  of  time  and  space  were 
reduced  by  introducing  a  boundary  layer  coordinate  s,  and  a  reduced  density 
gradient  F  defined  by: 

s  »  x  /(a5t/2,  and  F  -  p  (a5t/J/p5 
in  x 

where  as  and  Ps  are  the  thermal  diffusivity  and  the  density  evaluated  at  the 
ideal  Rankine-Hugoniot  state  behind  the  reflected  shock  wave.  To  calculate 
as  =  Xs/psCp  the  following  expression  for  Xs  was  used:  X5  *  ^ref (Ts/Tref ) 0 ‘ 6 6 , 
with  Xref  =0.0568  Wm-1K"r,  and  Tref  =  1500  K. 


The  data  of  each  series  appeared  to  show  a  selfsimilar  behaviour;  all 
experiments  within  one  series  could  be  well  represented  by  a  single  curve.  By 
linear  regression,  a  6th  order  polynomial  in  s-1  was  fitted  to  the  F(s)  data 
of  each  experiment.  Then  corrections  were  made  for  the  3rd  order  derivative  of 
the  density  by  substituting  this  polynomial  into  eq.  (A6) .  In  fig.  3,  the  final 
average  F(s)  curve  is  shown  for  series  I ,  together  with  the  result  of  a  single 
experiment  without  and  with  correction  for  the  third  derivative  of  the 
refractive  index  03.  It  should  be  noted,  that  the  example  given  here  is  a 
rather  extreme  one,  the  distance  to  the  wall  being  0.4  mm,  while  the  beam  width 
is  approximately  0.2  mm.  Once  the  corrected  F(s)  curve  is  found,  this  relation 
is  used  to  evaluate  the  relevant  terras  of  eq.  (5),  which  can  be  rewritten  in 
the  form  _ . 

I-  »,(•*■«! 


P5 


f'/f  -  (I  +  v)F  Ps/p 


(6) 


with  I 


p  m  / p 
Ps  Ps 


+  I,  T  =  p/pR,  F 


dF 

ds 
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Fig.  3.  Illustration  of  the  self-similarity 
of  the  boundary  layer  structure,  and  of  the 
influence  of  ns  on  the  signal. 


The  results  are  depicted  in  figure  A,  together  with  the  handbook  values  for  the 
thermal  conductivity  by  Touloukian  et  al.10,  and  the  theoretical  data  of 
Aziz11,  which  are  based  on  the  intermolecular  potential  of  Aziz  and  Chen12. 

The  latter  can  be  considered  to  be  the  best  possible  representation  of  a  great 
variety  of  experimental  data.  In  Touloukian's  data,  the  contribution  of  the 
electrons  and  ions  to  the  thermal  conductivity  of  atmospheric  argon  is  included 
and  causes  the  steepening  of  the  slope  above  6000  K.  Aziz'  data  are  valid  only 
for  the  monatomic  frozen  gas.  Our  thermal  conductivity  values  are  on  the 
average  3%  lower  than  that  of  Aziz,  which  can  be  verified  by  inspection  of  the 
detailed  results  given  in  Table  I.  This  implies  that  our  results  are  also  3% 


Fig.  A.  Thermal  conductivity 
versus  temperature. 


Fig,  5.  Comparison  of  the  schlieren 
data  obtained  in  shock  tube  I  (L  * 
10  cm)  with  data  obtained  in  shock 
tube  II  (L  ■  A. 2  cm). 
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TABLE  I 


T 

A 

a\ 

\h 

(K) 

(W/mK) 

(W/mK.) 

(W/mK) 

1550 

5.86 

0.27 

5.813 

1600 

5.80 

0.25 

5.938 

1650 

5.89 

0.18 

6.062 

1700 

5.98 

0.12 

6.184 

1750 

6.09 

0. 10 

6.305 

1800 

6.17 

0.06 

6.425 

1850 

6.29 

0.08 

6.544 

1900 

6.47 

0.22 

6.661 

1950 

6.40 

0.07 

6.778 

2000 

6.53 

0.  1  1 

6.894 

2050 

6.75 

0.21 

7.009 

2100 

7.09 

0.42 

7.123 

T 

A 

°A 

Ath 

5000 

0. 127 

0.04 

0.1279 

5200 

0.  129 

0.03 

0.1313 

5400 

0.131 

0.04 

0.1348 

5600 

0.134 

0.03 

0.1382 

5800 

0.137 

0.02 

0.1415 

6000 

0.  140 

0.02 

0. 1449 

6200 

0.  145 

0.04 

0.1482 

6400 

0.149 

0.06 

0. 1515 

Comparison  of  thermal  conductivity  A  obtained  by  means  of  the  present  method 
with  the  theoretical  data  of  Aziz11,  a ^  is  the  standard  deviation  obtained  on 
the  basis  of  4  to  6  experiments. 


lower  than  the  results  of  Chen  and  Saxena  obtained  by  means  of  a  thermal 
diffusion  column  method.  They  claim  to  have  a  possible  error  of  1.5%,  so  that 
our  results  seem  to  have  a  small  but  significant  systematic  error.  A  possible 
reason  for  such  an  error  could  be  found  in  the  influence  of  the  boundary  layers 
along  the  side  walls  of  the  tube  disturbing  the  one-dimensional  character  of 
the  boundary  layer  structure.  This  effect  should  be  dependent  on  the  shock  tube 
dimension.  Therefore-,  a  third  series  of  experiments  was  carried  out  in  a 
smaller  shock  tube  (II)  with  a  test-section  width  of  4.2  cm.  Indeed,  the 
density  gradient  found  in  the  smaller  tube  is  significantly  lower  than  that  of 
series  I,  as  is  shown  in  figure  5.  A  further  improvement  of  the  present  method 
can  be  expected  when  this  influence  of  the  side  wall  boundary  layer  is  better 
understood.  Then,  an  accuracy  comparable  with  that  of  the  thermal  diffusion 
column  method  (+  1.5%)  should  not  be  beyond  the  possibilities. 

Appendix  A.  THE  LASER  SCHLIEREN  METHOD 

The  gas  density  is  related  to  the  refractive  index  by  the  Gladstone-Dale 
law,  N  =»  I  +  Kp.  Assume,  that  the  refractive  index  profile  can  be  represented 
by 


H  *  {  +  i'll  (x  -  xq)  +  i H2  (x  -  xq)2  ;  o  <  z  <  L 

where  o  =  iN2/N2,  Nq  being  the  refractive  index  at  the  position  of  the 
undisturbed  central  ray  of  the  beam  x0,  and  ■  (d1n/dxi)x=x0.  From 
geometrical  optics  it  is  found,  that  the  trajectory  of  the  central  ray 
satisfies  the  ray  equation. 

d2xr  _  dn 
dz*  dx 


Combining  Eqs.  (Al)  and  (A2)  with  the  initial  conditions  xr(o)  «  xQ  and 
(dxr/dz)x«Xo  »  0,  yields  the  trajectory  of  the  central  beam: 


xr(z)  -  xo 


0  + 


mil). 

12  '• 


0  <  z  <  L 


and  x  (z) 
r 


xr(L)  ♦  (z  -  L)nil(l  + 


z  >  L 


(Al) 


(A2) 


(A3) 


(A4) 
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The  signal  measured  by  the  photodetector  V  is  proportional  to  xr(z,j)  and  to  the 
light  intensity  I(o)  of  the  beam  center  at  z  =  z^.  In  order  to  evaluate  the 
latter,  it  is  important  to  realize  that  owing  to  the  presence  of  r\2,  the 
boundary  layer  acts  as  a  thin  lens  (in  first  approximation)  with  a  focal  length 
f  of  (— n 2 L) —  1  -  If  the  beam  is  focused  at  a  distance  d  behind  the  lens  at 
z  =  L/2,  the  aperture  of  the  outgoing  beam  will  be  increased  by  a  factor 
(1  +  d/f) .  Then  the  beam  intensity  IQ  will  be  proportional  to  (1  -  d/f)  if 
|  d/f  |  <<  1,  and  consequently  the  signal  varies  according  to 

V  n,  (zD  -  L)H,L  (1  +  L2)(l  -  |) 

'v  (1  +  —  L2)(l  +  r)2 Ld)  for  z  >>  L  (A5) 

0  L) 

Obviously,  if  the  laserbeam  is  focused  at  d  =  -  --L,  the  terms  linear  in  r)2 
vanish. 

The  correction  for  the  higher  order  derivatives  on  the  signal  has  been 
obtained  by  means  of  scalar  wave  optics.  We  only  give  the  results  here,  derived 
for  the  situation  that  the  laserbeam  is  focused  on  the  shock  tube  axis.  The 
details  of  the  calculations  -*re  given  by  Hirschberg1 3 . 

V  *  -  j)  [hiL  ♦  f  w2L  ♦  ^L3  ♦  ^V(7  ♦  *kV)  + 

o  o 

+  27  <j“r)%  +  ••••)]  for  niL  "  kV’  zd  >>  L  (A6) 

o  o  o  o 

For  a  quadratic  medium,  this  result  is  equivalent  with  the  geometrical  optics 
solution  (A3-4),  for  z<j  >>  L. 

Appendix  B.  HEAT  FLUX  AT  THE  WALL 

In  order  to  evaluate  the  heat  flux  at  the  wall,  the  following 
approximation  for  the  thermal  conductivity  was  used,  expressing  all  quantities 
in  S.I.  units: 

X  =  0.01 72(T/290)0,8  ,  290  <  T  <  500;  X  =  0.01  72(500/290)°-8  (T/500)0-7  , 

T  >  500  (Bl) 

The  energy  equation  (2)  is  rewritten  bij  introducing  the  following  set  of 
variables : 

5  =  /Pdx’,  T  -  T/T,,  X  =  XjV,  x  =  HpJJc  )dt'  (B2) 

o  o 

The  mathematical  problem  then  becomes: 

X  »  — (TV_1T  ) 

T-0,  £  >  0:  T  =  1;  5  =  0:T  =  Ti/Too  (B3) 

where  for  T.  the  initial  wall  temperature  can  be  used.  When  Tot  is  constant,  the 
problem  can  easily  be  solved  numerically,  and  the  solution  can  formally  be 
written  as: 


T  ■ f<-^  ■  & 

T  2  00 

The  heat  flux  at  the  wall  then  is: 
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/- 


1i  ’  ~h  #7  fE(0;  ri/T.)/,V! 


(B5) 


The  heat  flux  found  in  this  way  is  in  good  agreement  with  experimental  results 
reported  by  Saxena1 . 

The  isentropic  variation  in  time  of  the  state  outside  the  boundary  layer  is 
taken  into  account  by  stretching  the  time  scale  according  to  (B2)  and  by 
substituting  the  instantaneous  values  of  T^/T^  in  eq.  (B5)  .  The  validity  of 
this  so-called  local  similarity  approach  was  confirmed  by  analytical  model 
calculations  for  v  =  I  and  experimentally  by  means  of  measurements  of  the  wall 
surface  temperature  using  a  Pt-film  gauge. 
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THERMAL  CONDUCTIVITY  MEASUREMENT  IN  HIGH  TEMPERATURE 
ARGON  BY  THE  SHOCK  PERTURBATION  AND  MACH  REFLECTION  METHODS1 


A.  Cavero,  K.  Chung  and  H.N.  Powell* 
Department  of  Mechanical  Engineering 
University  of  Wisconsin,  Madison,  Wisconsin  53706 


Two  methods  of  thermal  conductivity  measurement  have  been 
developed  and  applied  to  argon  in  the  range  from  3000  to 
5400  K.  The  shock  perturbation  method  (SPM)  employs  a  set 
of  small  carefully  spaced  grooves  in  the  wall  of  the  shock 
duct.  The  resulting  weak  acoustic  disturbances  generate  a 
set  of  weak  thermal  (or  "entropy")  waves  behind  the  shock 
which  decay  with  time.  Schlieren-photodiode  detection  and 
rapid  transient  digital  storage  of  the  signals  permit  the 
decay  of  these  waves  to  be  analyzed  to  yield  the  thermal 
conductivity.  In  the  Mach  reflection  method,  (MRM)  the 
shock  impinges  on  a  small  angle  ramp.  High  speed  (10  ns) 
interferograms  of  the  resulting  tangential  thermal  and  vor- 
ticity  diffusion  zone  permit  the  conductivity  to  be  calcu¬ 
lated  from  the  relevant  compressible  flow  equations  in  which 
use  is  made  of  the  Illingworth  variable. ^Tn  the  weak  tan¬ 
gential  flow  regimes  of  interest,  the  conductivity  measure¬ 
ment  is  independent  of  the  viscosity  value.  Least  square 
fits  of  K(T)  by  both  methods  to  a  power  law,  gives 


K=Ko(T/Tq)  SPM:  v=0. 69710.004; 


v=0. 70010. 017 


in  which  K0  =  4.25  x  10-5  cal/cm-s-K  at  T0  =  300K.  The  ad¬ 
vantages  and  difficulties  of  each  method  is  discussed  and 
compared  with  those  of  other  methods. 

BACKGROUND 

A  variety  of  methods  have  been  used  to  measure  the  thermal  conductivity,  K, 
of  gases.  References  la,b  contain  an  extensive  critique  of  all  previous  methods 
as  well  as  an  extensive  bibliography  of  high  temperature  (>1500K)  measurements 
through  1977.  No  attempt  will  be  made  to  describe  these  methods,  but  their 
limitations  will  be  summarized: 

(a)  Thermal  Column  Method:  simple  and  elegant  for  non-oxidizing  gases,  limit¬ 
ed  by  radiation  effects  to  T<1500K. 

(b)  Refloated  Shook  Method:  data  reduction  requires  the  a'priori  assumption 
of  a  power  law,  K  tv,  which  restricts  applicability  to  monatomic  gases; 
the  value  of  v  is  rather  insensitive  to  the  measured  variable,  leading  to 
substantial  discrepancies  between  different  workers  for  the  same  gas. 

•Professor  of  Mechanical  Engineering,  University  of  Wisconsin. 
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(c)  Confined  Aro  Method:  restricted  to  ionization  and  near  ionization  tempera¬ 
tures;  K(T)  evaluations  depend  heavily  on  collateral  information  on  elec¬ 
trical  conductivity  and  spectral  emittance. 

(d)  Ultrasonic  Absorption:  restricted  to  monatomic  gases  for  which  a  precise 
value  of  the  Prandtl  number  is  independently  known. 

Against  this  background,  let  us  establish  criteria  for  an  "ideal"  thermal 
conductivity  measurement  method  for  the  range  between  the  thermal  column  and 
confined  arc  methods,  i.e.,  from  1500K  to  ionization: 

(a)  It  must  be  applicable  to  any  gas,  monatomic,  polyatomic,  etc.,  regardless 
of  oxidation-reduction  chemistry. 

(b)  The  evaluation  of  a  K  and  T  data  pair  should  not  only  be  mutually  indepen¬ 
dent,  but  independent  of  all  other  K,  T  pairs;  no  functional  K(T)  relation 
should  be  needed. 

(c)  The  evaluation  of  K  should  have  a  minimum  dependence  on  other  properties . 
While  thermodynamic  properties  are  known  with  great  precision,  the  capabil¬ 
ity  of  specifying  other  properties,  viz.,  viscosity,  radiation  emittance, 
etc.  is  likely  to  be  much  poorer  than  the  K  value  being  sought. 

(d)  It  should  be  applicable  to  chemically  dissociated  gases  with  sufficiently 
long  residence  times  to  assume  local  chemical  equilibrium. 

In  this  paper  the  authors  present  two  new  methods,  which  while  not  without 
problems  of  their  own,  do  satisfy  all  the  above  criteria.  To  establish  the 
validity  of  the  methods,  argon  was  chosen  as  the  test  gas  because  of  the  extent 
of  previous  work.  Comparisons  of  present  and  previous  results  are  given  at  the 
end  of  the  paper. 

All  shocks  were  generated  in  a  large  bore,  11.75  cm  wide  by  9.20  cm  high, 
combustion  driven  shock  tube  which  incorporated  a  number  of  novel  design  fea¬ 
tures  (3,4).  Shock  speeds  were  routinely  predicted  to  ±1%  which  was  crucial  for 
the  proper  setting  of  timing  sequences. 

THE  SHOCK  PERTURBATION  METHOD  (SPM) 


When  a  moving  planar  shock  impinges  a  small  localized  irregularity  in  the 
shock  duct  wall  which  is  oriented  parallel  to  the  front,  a  weak  acoustic  dis¬ 
turbance  is  created  which  expands  cylindrically  behind  the  shock.  If  the  post 
shock  flow  is  supersonic,  the  irregularity  is  the  seat  of  a  Mach  wave  which 
blends  into  the  cylinderically  expanding  wave  as  shown  in  Fig.  1.  According  to 
the  geometry  of  the  wall  perturbation,  if  the  acoustic  wave  has  the  exact  local 
acoustic  velocity,  a2,  linearized  perturbation  analysis  (5)  shows  that  no 
"record"  of  the  interaction  of  the  acoustic  wave  with  the  shock  front  is  left 
along  the  dotted  line  shown  in  Fig,  1,  a  conclusion  confirmed  in  earlier  work 
(6).  However  if  the  wall  perturbation,  even  though  very  small,  contains  discon¬ 
tinuities,  the  acoustic  wave  will  also  contain  discontinuous  higher  order  terms, 
and  a  narrow  thermal  and  vorticity  disturbance  (also  called  "entropy  wave")  is 
left  in  the  gas  along  the  dotted  line  position;  it  is  clearly  visible  in  schlie- 
ren  photographs.  Despite  the  implied  shock  like  nature  of  the  acoustic  wave, 
no  wave  velocity  in  excess  of  a2  has  ever  been  detected  in  argon,  as  is  not  the 
case  with  more  recent  work  in  oxygen. 


Therefore,  with  known  pre¬ 
shock  Ti,  Pj,  pi  data,  a  single 
schlieren  photograph  taken  at  a 
known  time  t  after  the  shock 
passed  the  wall  perturbation, 
yields  a  wealth  of  information 
for  confirming  theoretically 
calculated  post  shock  states. 
Failure  to  do  so  in  one  instance 
revealed  air  leak  contamination 
and  in  subsequent  oxygen  work 
has  identified  non-equilibrium 
-t  shock  conditions  in 
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FIG.  1  Thermal  wave  generation  by  a  wall  per¬ 
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certain  cases.  An  asterisk  identifies  quantities  defined  in  laboratory  coordi¬ 
nates  while  those  without  are  in  shock  coordinates.  Therefore,  with  the  Fig.  1 
definition  of  xs>  X2 .  r,  and  g  and  the  aid  of  the  continuity,  gas  law  and 
acoustic  velocity  equations  for  ideal  gases,  we  have: 


(1) 

M*=U*/a2=(sinB)'1 

(4) 

P2/Pi  =  (P2/pi)  fTi'/T2^=xs//x2 

(2) 

M2=U2/a2=cos  4> 

(5) 

T2=(m/yR) (r/t)2 

(3) 

u*=(i-Pl/p2)u* 

(6) 

.  which  p,  P,  M,  m,  Y  anc*  R  have 

their 

conventional  meanings . 

Experimentally,  U|  was  measured  from  the  shock  transit  time  (to  ±0.1ps) 
over  two  50  cm  intervals.  The  accuracy  was  then  about  ±0.04%  and  decelerations 
were  generally  less  than  the  0.4ys  needed  to  be  significant.  With  a  carefully 
adjusted  1:1  magnification  ratio  and  a  photographic  reading  accuracy  of  about 
±2%,  no  discrepancies  between  post  shock  states  calculated  from  U|  and  the 
photographs  were  detected  (la).  Thus  it  was  possible  to  oaloulate  and  verify 
T2  data  independently  of  K  evaluations . 

If,  instead  of  a  single  wall  perturbation,  there  are  twenty  with  a  spacing 
Aw(cm),  then  a  family  of  twenty  parallel  thermal  waves  is  generated  with  a  peri¬ 
od  and  frequency: 


A 


2x 


=  yPl/P2) 


m  f*=U*/A2x=U*(P2/p1-l)Ax  (8) 


Following  t-x  plane  analysis,  (Id)  photodiode  schlieren  detectors  were  located 
to  electronically  detect  this  wave  family  without  interference  from  either  the 
primary  or  reflected  acoustic  wave  families.  A  nitrogen  laser  schlieren  photo¬ 
graph  of  such  a  wave  field  is  shown  in  Fig.  2  including  mirrors  of  the  two 
photodiode  detectors.  Their  data  was  recorded  before  the  reflected  acoustic 
waves  reached  the  level  shown  in  Fig.  2;  illumination  was  from  an  intense  xenon 
flash  source. 


Much  of  the  earlier  work  used  a  "rounded  saw  tooth"  perturbation  profile 
which  promoted  a  much  more  rapid  boundary  layer  thickening  than  evident  in  Fig. 
2.  Also  early  thermal  waves  interacted  with  later  perturbations  to  generate  a 
secondary  superposed  "ghost  wave"  family.  Both  these  problems  were  solved  by 
using  a  narrow  "v"  groove  geometry  (45°  included  angle,  0.63  mm  depth)  which 
rapidly  filled  with 

stagnant  boundary  /////////////////////  /  /  /  /  /  /  /  / 
layer  gas  and  pre¬ 
sented  minimum  dis¬ 
turbance  to  the  post 
shock  wall  flow. 

They  extended  over 
the  central  1/2  of 
the  11.75  cm  duct 
width . 

The  heat  con¬ 
duction  equation  for 
analysing  the  decay 
of  the  6T(x,y,t) 
thermal  wave  pertur¬ 
bations  at  uniform 
pressure,  in  the 
general  and  expanded 
forms  (in  shock 
coordinates)  is: 

TTT1  T  TTTTTTTTT1  TT1  TTTTTTTTT7 

FIG.  2  Schlieren  photograph  (10  ns)  of  a  thermal  and 
acoustic  wave  field  Run  No.  144. 
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in  which  a-2  =  K/CpP2(cm2-S"l)  is  the  thermal  diffusivity;  V  =  (3£nK/3JlnT)p  the 
power  law  exponent;  Su2  =  perturbation  velocity.  The  dot  product  in  Eq.  (9b) 
vanishes  because  of  the  orthogonality  of  $&2  and  VST.  For  periodic  perturba¬ 
tions,  if  5T/T2  «  1/v,  the  last  term  may  be  neglected  as  is  easily  justified 
since  ST  max  =  60K  and  v  =  order  unity. 


To  solve  Eq.  (9b),  let  the  solution  domain  be  the  x  5  0,  y  i  0  quarter 
plane  in  which  x  =  0  defines  the  shock  position  and  y  =  0  defines  the  wall, 
neglecting  boundary  layer  effects;  the  gas  flow  is  in  the  +  x  direction.  Ex¬ 
cept  for  the  ST  and  S3 2  perturbations,  T2,  P2,  P2  and  ^2  are  everywhere  uniform 
and  the  physical  finite  thermal  wave  field  is  taken  to  be  a  subset  of  an  infi¬ 
nite  wave  field  extending  to  y  =  ®.  The  associated  boundary  conditions  are: 


x  =  °°,  y  ^  0,  ST=0  (10a)  x  =  0,  y  %  0,  ST  is  uniformly  periodic 

(10b) 

While  strength  of  the  exciting  acoustic  waves  must  clearly  diminish  with  in¬ 
creasing  y,  the  extreme  uniformity  of  the  wave  structure  with  y  at  constant  x 
as  seen  in  Fig.  2  indicates  the  effect  is  very  weak  and  would  not  affect  wave 
decay,  hence  Eq.  (10b).  See  Ref.  (Id.)  for  a  more  formal  justification. 

Let  a  particular  solution  to  Eq.  (9b)  be  expressed  as  a  complex  wave  equa¬ 
tion,  r  \  ^ 

6Tn  =  5Ts(n)  exPt-kr  x  +  int^T-ojt]}  (11) 


in  which  n  =  1,2,3  ...  is  the  harmonic  number  and  5T=(n)  is  the  associated  am¬ 
plitude  at  x  =  0.  If  (k£h))2  «  k?  one  fin(is  that  k£n)  =  n2k^  *  n2kr.  After 
dropping  the  imaginary  part,  the  particular  solution  which  satisfies  the  Eqs. 
(10a, b)  boundary  conditions,  simplifies  to: 


6T(n)  =  Ts(n)*exp('n2krx^'*cos  n(kixx+kiyy'wt)}  (12a) 

in  which 

kr=(0t2/U2X27r/X2x:|2  (sin<t>x2  (12b)  kix=27r/X2x=u/U2  (12c;)  kiy=2lT/X2y=kixC0^d) 

In  the  general  solution  consisting  of  a  sum  over  all  n,  the  n2  term  in  the 
exponent  causes  the  higher  harmonics  to  die  out  very  rapidly.  Furthermore, 

Ref.  (le)  describes  an  "optical  tuning"  of  the  photodiode  schlieren  detector 
which  causes  a  complete  supression  of  all  even  order,  n  =  2,4,...  harmonics 
from  the  detected  signal.  Therefore,  n  =  1  is  the  only  experimentally  relevant 
solution,  as  indeed  was  borne  out  by  spectral  analysis  of  actual  signals. 


It  now  only  remains  to  transform  Eq.  (12a)  with  n  =  1  from  shock  attached 
coordinates  to  one  which  is  detected  by  a  photodiode  detector  fixed  in  labora¬ 
tory  coordinates.  If  t  is  the  time  since  the  shock  passed  the  detector,  x  = 
Ugt,  so  that  Eq.  (12a)  becomes: 

6T  =  5Tse't/T*  cos(ai*t+e)  (13) 

in  which,  by  Eqs.  (12b, 5, 7, 8) 

l/T*  =  kru-  -  (K/  (CpDj)  ]  (2irAw) 2  ru,/Pl) 2/  a  -Mp  (14) 

2»fjh  -  ujh  -  kixu;  -  <4  =  (Mi;/y<p2/p,-i)  (IS) 


8  =  k^  y  =  a  constant  since  y  is  fixed  (16) 

Except  for  K  itself,  1/t*  and  u>th  are  all  expressed  entirely  in  terms  of  the 
initial  state  pi,  the  known  wall  spacing  Aw,  and  quantities  which  are  accurate¬ 
ly  calculable  from  the  measured  U|.  Since  for  strong  shocks  in  a  monatomic  gas 
M2  and  P2/P1  are  essentially  constant,  the  only  parameters  for  adjusting  1/t 
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are  and  Xw.  A  lower  limit  on  pi  is  imposed  by  the  schlieren  detector  sensi- 
vitity. 


The  two  detected  signals  were  stored  sequentially  in  a  Nicolet  Model  1090 
AR  digital  storage  oscilloscope.  Typically  f*  ~  0  (1  Mhz)  so  that  at  a  sampl¬ 
ing  rate  of  100  ns  per  point,  each  wave  was  represented  by  a  nominally  adequate 
10  points  (8  bits  each).  The  signal  was  transferred  by  a  modem  to  a  central 
computer  where  a  standard  least  square  subroutine  fitted  the  data  to: 


S  =  A(exp-t/t*)  cos  (^t+QJ+b^+b^t+bjt^ 


(17) 


Best  fit  values  for  A, 
to* ,  0,  bj,  b2  and  b3, 
together  with  their  as¬ 
sociated  standard  devi¬ 
ations  were  calculated, 
bi  absorbs  any  dc  bias 
to  the  signal  and  b2 
and  b3  allow  for  any 
low  frequency  drift; 
frequently  b2  and  b3 
were  too  small  to  be 
statistically  signifi¬ 
cant.  A  fit  of  the 
least  square  fit 
(solid  line)  is  shown 
to  the  actual  digital 
data  in  Fig.  3  for  the 
same  run  as  Fig.  2. 
Because  of  end  effects 
the  first  and  last  two 
waves  were  excluded 
from  the  analysis. 


FIG.  3  Fit  of  least  square  fitted  function  (solid 
line)  to  digitally  recorded  thermal  wave 
signal.  (Run  144) 


Table  I  summarizes  the  results  of  18  independent  evaluations  of  K  together 
with  other  data.  Those  entries  with  a  repeated  Mg  value  indicate  independent 
contributions  from  the  two  detectors .  The  next  column  gives  the  total  number 
of  digital  data  points  actually  contributing.  The  next  gives  the  least  square 
evaluation  of  f* ,  while  the  next  column  gives  the  ratio  f*/fth  in  which  the 
theoretical  f£h  was  calculated  by  Eq.  (15)  from  the  Ug  and  \w.  While  the  gen¬ 
eral  agreement  is  excellent,  a  systematic  departure  from  unity  is  apparent  which 
is  appreciably  larger  than  the  percent  standard  deviation  shown  for  f*.  Refer¬ 
ence  (If)  considers  several  explanations  but  concludes  it  is  probably  due  to 
radiation  cooling,  especially  since  the  deviation  of  the  second  detector  is  al¬ 
ways  larger  than  the  first  in  the  same  run.  Therefore  to  account  for  the  appar¬ 
ent  decrease  from  the  calculated  T2,  an  empirical  correction,  e,  was  introduced: 


=  [(e  P2/P1-1)]/[(P2/P1-1)],  T£  =  T2/e  (18) 

K  was  evaluated  from  1/t*  (Eq.  (14)),  using  the  (e  P2/P1)  group  instead  of 
(P2/Pl)(-  While  the  largest  e  correction  decreased  T2  by  only  3%,  the  scatter 
of  K(T2)  was  appreciably  reduced.  The  K  data  in  the  last  column  have  the  same 
standard  deviation  as  that  for  1/t* . 

Two  least  square  fits  of  the  Table  I  K(T2)  data  to  a  power  law  were  made. 
First,  using  Kref  =  4.25  x  10-5  cal/cm  ks  at  300K  as  a  reference  gave: 

K  =  Kref(T/Tref)V  v  =  0.697  ±  0.004  (19) 


Secondly,  when  both  Kref  and  v  were  allowed  to  "float",  the  high  temperature 
data  predicted  an  increase  of  K~e£  at  300K  by  5%  and  a  decrease  in  v  by  3%. 
This  is  perhaps  the  first  experimental  proof  of  the  validity  of  the  power  law 
for  argon  in  this  temperature  range ,  in  contrast  to  previous  workers  who  as¬ 
sumed  it  a'priori.  A  graphical  presentation  is  given  in  Fig.  8  and  a  compari¬ 
son  with  other  worker's  results  in  Table  III. 
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TABLE  I:  SPM  Results 


Run 

M* 

s 

n 

data 
pts . 

f*[Mhz] 

fn*h 

P2 [ATM] 

T2[K] 

T^[K] 

l/x*[l/usec] 

138 

5.846 

147 

0.8549(10.11%) 

1.0*74 

4.500 

3408 

3349 

0.0217 (±28%) 

7.390 

185 

0.8731(10.07%) 

1.044 

4.500 

3408 

3302 

0.0211 (±18%) 

2.255 

140 

5.821 

134 

0.8382(10.08%) 

1.010 

4.460 

3381 

3355 

0.0212(±18%) 

2.392 

143 

0.8659(10.06%) 

1.021 

4.460 

3381 

3328 

0.0198(±19%) 

2.195 

141 

5.841 

116 

0.8521(10.09%) 

1.022 

4.464 

3403 

3350 

0.0226(±24%) 

2.488 

154 

0.8610(10.04%) 

1.033 

4.464 

3403 

3323 

0.0205(112%) 

2.214 

144 

6.416 

123 

0.9490(10.09%) 

1.017 

5.424 

4052 

4002 

0.0232(125%) 

2.516 

152 

0.9637(10.05%) 

1.032 

5.424 

4052 

3959 

0.0234(114%) 

2.488 

145 

6.687 

108 

0.9845(10.11%) 

1.005 

5.895 

4381 

4365 

0.0250(130%) 

2.728 

106 

0.9761(10.14%) 

1.007 

5.895 

4381 

4358 

0.0267(133%) 

2.935 

148 

6.625 

124 

0.0090(10.06%) 

1.019 

5.749 

4344 

4274 

0.0240(117%) 

2.564 

150 

6.874 

100 

1.0618(10.12%) 

1.044 

6.230 

4656 

4510 

0.0263(132%) 

2.695 

153 

7.454 

108 

1.1297(10.08%) 

1.018 

7.284 

5360 

5290 

0.0309(121%) 

3.266 

154 

7.309 

78 

1.1044(10.09%) 

1.018 

3.502 

5165 

5096 

0.0585(111%) 

3.092 

98 

1.1050(10.09%) 

1.016 

3.502 

5165 

5104 

0.0551(112%) 

2.921 

155 

6.867 

123 

1.0174(10.11%) 

1.008 

3.089 

4588 

4561 

0.0522(114%) 

2.836 

156 

5.659 

138 

0.8356(10.11%) 

1.034 

4.188 

3198 

3121 

0.0205 (±27%) 

2.254 

158 

5.432 

126 

0.8278(10.06%) 

1.006 

3.856 

2965 

2952 

0.0173(118%) 

1.993 

While  the  present  authors  regard  the  SPM  as  conceptually  and  experimental¬ 
ly  superior  to  any  previous  method  for  this  temperature  range,  it  is  not  without 
its  own  problems.  Viewing  the  thermal  wave  field  as  a  weak  sinusoidal  tempera¬ 
ture  distribution,  distributed  uniformly  in  depth  across  the  center  of  the 
shock  duct,  it  is  evident  that  any  local,  non-uniform  disturbance  causes  a  mis- 
register  of  the  waves  as  seen  by  the  schlieren  photodetector  with  an  inherent 
decrease  in  signal  amplitude.  Extraneous  waves  were  in  the  test  gas  and  were 
easily  traced  to  the  most  minute  joint  imperfections  in  the  shock  duct.  For 
some,  elimination  would  require  rebuilding  the  entire  installation.  Fortunate¬ 
ly,  they  were  visible  in  the  schlieren  photographs,  (Fig.  2),  and  were  highly 
predictable  in  location.  Depending  on  Mg,  it  was  many  times  possible  to  avoid 
them  by  proper  location  of  the  detectors,  e.g.,  run  144.  At  some  M|  values 
this  was  not  possible  and  the  "joint  waves"  caused  a  severe  localized  "pinch 
effect"  in  the  recorded  wave  train.  When  the  pinch  occurred  close  to  an  end, 
truncation  could  salvage  the  usable  part;  if  it  came  in  the  middle  the  whole 
signal  had  to  be  abandoned  which  explains  the  several  single  entry  runs  in 
Table  I. 

Subsequent  work  has  lead  to  substantial  improvements,  but  it  is  neverthe¬ 
less  a  problem  which  makes  severe  demands  of  aerodynamic  perfection  for  its 
avoidance. 

THE  MACH  REFLECTION  METHOD  (MRM) 

When  a  planar  shock 
encounters  a  small  angle 
ramp  a  "Mach  reflection" 
process  occurs  as  shown 
in  Fig.  4,  for  the  case 
of  a  sufficiently  large 
M$.  Figure  1  is  seen  to 
be  a  special  case,  6  ->-0 
limit,  of  the  Fig.  4W 
flow  field.  Reference 
(2a)  reviews  the  many  re¬ 
ported  types  of  shock- 
ramp  encounters  and  gives 
special  emphasis  to  the 
results  of  Ref.  (1?). 


FIG.  4  Mach  reflection  of  an  incident  shock  by  a 
small  angle  ramp. 
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In  Fig.  4  the  I,  R  and  M  (perpendicular  to  the  ramp)  shocks  are  all  planar 
and  constant  velocity  in  laboratory  coordinates;  thus  the  T  intersection  also 
has  constant  velocity,  uj  =  Miai  =  [M|/cos  B]ai.  U  is  an  unsteady  shock  bridg¬ 
ing  the  moving  R  and  steady  oblique  0;  E  is  an  unsteady  rarefaction. 

Thus  a  Gallilean  transformation  from  laboratory  to  T  attached  coordinates, 
with  a  subsequent  rotation,  leads  to  the  steady  state  representation  shown  in 
Fig.  5a.  For  MRM  analysis,  T  attached  coordinates  are  analogous  to  the  shock 
attached  coordinates  for  SPM  analysis,  except  that  as  MRM  data  reduction  is 
from  an  interferogram,  no  inverse  transformation  is  needed. 


In  Fig.  5a  the  uniform  3  and  4  flow  fields 
are  separated  by  a  slip  plane,  S,  implying  that 
P3  =  P4  and  U3  ||  U4.  However  as  gas  particles 
from  the  same  1  state  enter  4  by  one  shock  and 
3  by  two,  we  note  T3  f  T4  and  U3  f  U4.  We 
therefore  wish  to  determine  the  (13,1)5)  and 
04,1)4)  states  to  serve  as  boundary  conditions 
for  a  viscous  and  heat  conducting  slip  flow 
analysis  in  the  region  of  S. 

The  evaluation  of  the  3  and  4  states  is 
easily  represented  graphically  from  plots  of 
standard  P/Pi  -  6  shock  functions,  (Fig.  Sb) . 

The  curve  1  IMN  represents  the  locus  of  every 
(P,6)  state  attainable  from  a  specified  M^.Pi 
state  by  varying  the  wave  angle  from  the  Mach 
angle  to  a  normal  shock.  It  must  therefore 
contain  both  the  (P2.62)  and  (P4,<$4)  states 
which  are  attained  from  the  same  (PjM^) . 
Therefore,  the  intersection  of  a  second  polar 
curve  for  R  with  an  origin  at  2,  determines 
where  P3  =  P4  and  U3  ||  U4  since  from  the  dia¬ 
gram,  64  =  62  -  63 -  In  Fig.  5b  the  R  curve  is 
located  for  pictorial  clarity;  in  reality  it 
is  quite  close  to  the  sonic  point.  Thus  in  T 
coordinates  2,  3  and  4  are  a  patchwork  of  near 
sonic  flows  and  it  is  unlikely  that  a  stable 
steady  state  fulfillment  of  Fig.  5a  is  possible. 
Once  P3  =  P4  and  64  are  known,  standard  oblique 
shock  relations  generate  all  other  desired  data 
including  (T3,U3)  and  (T4 , U4) .  Table  II  shows 
the  percentage  difference  in  photographically 
measured  S  wave  angles,  <}>m,  and  the  three  shock 
theory  calculated  <J>C  (from  M^  and  6W) ;  the  val¬ 
idity  of  the  latter  is  confirmed. 


FIG.  5  Steady  state  repre¬ 
sentation  of  the 
triple  point  region 
in  the  (a)  physical 
and  (b)  P-6  planes. 


Because  of  space  limitation,  the  deriva¬ 
tion,  Ref .  (2b),  of  the  slip  flow  equations  will  only  be  summarized.  With  the  x 
axis  now  parallel  to  the  direction  of  flow.  Fig.  6  shows  the  mome.  :um,  5m,  and 
thermal,  6j,  thicknesses  in  relation  to  the  boundary  conditions.  The  objective 
now  is  to  express  6j  as  a  function  of  x,  K  and  known  parameters. 

The  usual  boundary  layer  approximations  are  applied  to  the  momentum  equa¬ 
tion  with  VP  =  0.  A  similarity  transformation  then  expresses  the  dimensionless 
stream  function,  f(q),  Eq.  (20) ,  in  terms  of  the  independent  Illingworth  variable, 
q,  Eq.  (22)  to  allow  for  varying  p  and  T.  The  standard  Blasius  equation  re¬ 
sults,  Eq.  (24),  in  which  f'  =  df/dq  etc.  The  similarly  transformed  energy 
equation  expresses  a  dimensionless  temperature,  g,  Eq.  (21)  in  terms  of  q,  f 
and  the  Prandtl  number,  Pr  =  Cpy/K,  Eq.  (25),  in  which  g'  =  dg/dq,  etc. 

i>  =  ^  f(q)  (20)  q  =  (U3//25)  fQy  pdy*  (22) 

g  =  (T-T3)/(T4-T3)  (21)  £  =  (P3U3U3)*  (23) 


h 
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f '  "  +  ff "  =  0, 


Rr.  jn*o,  £'(+«)  =  l,  f(0)  =  o,  f'(0)  =  f) 

Wo  f'(-°°)  =  U4/U3,  f(0)  =  0,  f'(0)  =  ff 


g"  +  (Pr)fg'  =  0,  BC:  (g(+“)  =  0,  g(-co)  =  1} 


V] 3 
VT3 


Equations  (24) ,  (25) 
imply  several  simplifi¬ 
cations  as  justified  by  1  rsj 1 1?- j a  1 

the  near  unity  experimen-  profiles 
tal  U4/U3  =  T3/T4  *  0.96, 
namely;  the  neglect  of  T»-Tx 

viscous  dissipation,  — — —  =  0 

placing  pvi/p3P3  =  1,  and  '4“  *3 

constant  Cp,  K  and  y  over  — r- - 

the  range  of  varying  T.  C 

fg  is  iteratively  chosen  _ * 

to  be  that  value  which  —  -» 

smoothly  joins  the  two  - * 

half  plane  solutions  j 

along  y  =  0.  It  is  note-  4_  3  _| 
worthy  that  K  appears  ^4_^3 

only  in  the  Prandtl  „„  ,  C1 

number,  Pr.  , 


In  the  U4/U3  =  1 

limit,  f  =  n  and  Eq.  (25)  is  easily  integrated: 

g  =  (1/2)  (1-erf  [(Pr/2)S])  (26a )  or,  r 


U4  TEMPERATURE  VELOCITY 

1  u3  PROFILE  PROFILE 

Slip  flow  region  showing  momentum,  6m, 
thermal,  <$7,  thicknesses. 


(Pr/2)'°*5erf‘1(l-2g) 


If  the  dimensionless  thermal  thickness,  67  is  associated  with  the  An  between  the 
conventional  g  =  0.01  and  0.99  limits,  then  Eq.  (26b)  gives  the  (a)  result 
below: 


■fi: 


...  D  -0.5000 
653  Pr 

705  Pr-0-5002 
813  pr-°-518 


U4/U3  =  1 
U4/U3  =  0.96 
U/U  =0.80 


A  general  numerical  integration  of  Eqs,  (24),  (25),  Ref.  (2c)  for  the  (b) 
and  (c)  U4/U3  values  shown  shows  that  67  is  very  insensitive  to  U4/U3  in  the 
unity  range.  As  most  of  the  applications  were  near  0.96  the  Eq.  j^27b)  formula 
with  a  0.500  exponent  was  adopted.  Using  Eq.  (22)  to  formulate  St  gives 

„.n(g=0.99) 

6*  =  U^f  pdn  =  U3//2T  [  (p3+p4)/2]6t  (28) 

n(g=o.oi) 

in  which  67  (mm)  is  the  corresponding  physical  thickenss.  Elimination  of  £  by 
Eq.  (23)  and  67  between  Eqs.  (27b)  and  (28)  gives  the  desired  expression  for  K, 
upon  recalling  that  Pr  =  Cpy/K; 

K=  (Cp/177.09)(p3U3/x)(l+P4/p3)2(ST)2  (29) 

The  y  from  Pr  cancels  the  y  in  £  so  that  the  K(x.,5t)  is  independent  of  y  in  the 
range  of  near  unity  U4/U3  ratios. 

Interferograms  of  the  slip  flow  region  were  obtained  with  a  Michelson  in¬ 
terferometer  in  the  Twymann-Green  (double  pass)  form;  illumination  was  by  ni¬ 
trogen  laser  giving  a  10  ns  flash  at  X  =  337.1  nm.  Fig.  7.  A  14.0  nm  bandpass 
filter  at  this  X  was  used  to  block  extraneous  radiation.  The  magnification 
was  2.20:1  and  reference  (no  flow)  interferograms  were  taken  for  each  shot. 

The  molar  refractivity  of  argon  at  337.1  nm  was  calculated  by  the  one  term 
Cauchy  formula  (2d, 1)  to  be  N  =  4.376.  The  percent  difference  of  measured, 

AS,,,,  and  calculated  ASC  fringe  shifts  are  given  in  Table  II  and  validated  both 
the  value  of  the  molar  refractivity  and  the  three  shock  analysis  used  to 
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TABLE  II:  MRM  Results 


Run 

No. 

M* 

s 

V*c 

is  -is 

in  c 

6^.{mm} 

— 

x{mm} 

— 

T  {  K} 

K* 

♦m 

(%) 

Sm 

(%) 

341 

6.617 

-0.37 

-7.45 

0.259 

46 . 68 

Tim' 

2.675 

342 

6.953 

+0.48 

-4.59 

0.284 

46.15 

4909 

3.231 

343 

7.259 

+0.26 

-3.48 

0.257 

42.38 

S329 

3.098 

345 

6.361 

+0.40 

-0.51 

0.281 

50.95 

4146 

2.690 

346 

6.013 

-0.63 

+2.00 

0.271 

48.52 

3733 

2.458 

348 

6.730 

+0.55 

-0.99 

0.291 

50.33 

4616 

3.023 

*K(10'4  cal/cm'AS_iK'A) 

denominator.  Measurements  were  made  with 
an  uncertainty  of  about  ±0.02  mm.  From 
the  known  position  of  the  reference  wire 
across  the  interferogram  the  x  distance 
to  T  was  calculated  from  triple  shock 
theory.  The  resulting  dp,  x  and  K  data 
are  presented  in  Table  II.  Least  square 
fits  of  the  K(T)  data  to  a  power  law  gives: 


calculate  AS?.  Instead  of  us¬ 
ing  the  difficult  to  locate  g 
=  0.01  and  0.99  contours  to 
measure  <5p,  a  different  dj  was 
identified  with  the  more  ac¬ 
curately  locatable  g  =  0.50 
and  0.95  contours.  In  Eq. 

(29) ,  dp  then  replaces  dp  and 
21.975  replaces  177.09  in  the 

Y  AXIS 
REF. 


K  =  K  (T/T  ) 
o  o 


V  =  0.700  ±  0.017 


(30) 


The  authors  regard  the  excellent 
agreement  with  the  SPM  results  as  possibly 
fortuitous  due  to  the  small  number  of  data 
and  the  inherent  uncertainties  in  evaluat¬ 
ing  K  from  small  fringe  shifts.  Neverthe¬ 
less,  the  agreement  does  lend  powerful 
support  to  both  the  v  =  0.70  Value  and  the 
basic  validity  of  both  methods.  Figure  8 
presents  the  superposed  SPM  and  MRM  re¬ 
sults  and  Table  III  gives  the  present  v 
results  in  relation  to  those  of  others. 


The  MRM  has  the  marked  advantage 
of  being  much  less  sensitive  to  stray 


FIG.  7  Laser  interferogram  (10ns)  of 
slip  flow  region,  2.20:1  mag. 
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o 
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disturbances  than  the  SPM. 

It  is  also  applicable  to  any 
any  gas  since  only  the  con¬ 
stancy  of  u,  K  and  Cp  from 
T3  to  T4  was  assumed;  no 
specific  value  of  for  Pr 
was  needed  or  assumed.  All 
the  difficulties  of  the  MRM 
as  developed  here,  stem 
from  the  interferometric 
data  acquisition  and  the  re¬ 
sulting  analysis  uncertain¬ 
ties.  The  authors  feel 
that  if  continuous  high 
speed  data  acquisition 
could  be  used,  like  that 
for  the  SPM,  the  MRM  would 
likely  be  the  best  method 
to  date. 


FIG.  8  Comparison  of  SPM  and  MRM  K(T)  results  for  argon 
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TABLE  III:  Comparison  of  Present  v  Values  with  Others. 


TCM  (Thermal  Column  Method;  RSM  (Reflected 
Shock  Method) . _ 


Investigator (s) 

Method 

Temperature 

Range 

Exponent 

Present  Results 

SPM 

2900-5400K 

0 .697±0 .004 

MRM 

3700-5350K 

0.700+0.017 

Saxena  &  Saxena  (8)* 

TCM 

350-1500K 

0.731+0.008 

Saxena  (9) 

RSM 

1S00-6000K 

0.800 

Matula  (10) 

RSM 

1S00-4800K 

0.680+0.010 

Bunting  &  Devoto  (11) 

RSM 

2500-9200K 

0.668+0.020 

Kuiper  (12) 

RSM 

2S00-9200K 

0.750+0.010 

Will eke  (13) 

RSM 

2100-16400K 

0.749±0.023 

Collins  §  Menard  (14) 

RSM 

1500-5000K 

0.703 

Poliakov  &  Spirin  (15) 

RSM 

2S00-10000K 

0.700 

Smiley  (16)* 

RSM 

1100-3300K 

0.688+0.005 

‘Fitted  by  present  authors 
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TEMPERATURE  MEASUREMENTS  OF  AN  IMPLOSION  FOCUS 


T.  Saito,  A.  K.  Kudian**  and  I.  I.  Glass 
Institute  for  Aerospace  Studies,  University  of  Toronto 
Toronto,  Canada 


Spectroscopic  temperature  measurements  were  made  at  the 
focal  point  of  imploding  shock  waves  in  the  UTIAS  implosion 
chamber,  which  has  a  20-cm  diameter  hemispherical  cavity. 
The  chamber  was  filled  with  a  stoichiometric  H2-O2  gas  mix¬ 
ture  at  different  initial  pressures  (14  ^  68  atm).  The 
mixture  was  ignited  at  the  origin  by  an  exploding  wire  gen¬ 
erating  an  outgoing  detonation  wave  which  reflected  at  the 
chamber  wall  as  an  imploding  shock  wave  (gas-runs).  Addi¬ 
tional  experiments  where  an  explosive  shell  of  PETN  was 
placed  at  the  hemispherical  wall  were  also  conducted.  The 
shell  was  detonated  by  the  impact  of  the  reflected  gaseous 
detonation  wave  at  its  surface,  thereby  generating  an  in¬ 
tense  implosion  wave  (explosive-run) .  The  temperatures 
were  measured  at  the  implosion  focus  using  a  medium  quartz 
Hilger  spectrograph  with  an  eight  photocell  polychromator 
attachment  over  the  visible  wavelength  range.  The  measured 
radiation  intensity  distributions  were  fitted  to  blackbody 
curves.  The  temperatures  were  10,000  'v  15,000  K  for  gas 
runs,  and  15,000  'v  17,000  K  for  explosive  runs.  The  con¬ 
tinuous  spectra  from  photographic  film  and  the  measured 
emissivities,  which  were  very  close  to  unity,  confirmed 
that  the  plasma  was  a  blackbody.  Numerical  studies  using 
the  random  choice  method  (RCM)  and  classical  strong-shock 
theory  were  used  to  analyse  the  flows  in  the  entire  range 
of  the  implosion  process.  Real-gas  effects  and  radiation 
losses  were  also  considered.  The  results  were  compared 
with  the  experimental  data  and  good  agreement  was  obtained. 

1.  INTRODUCTION 


The  UTIAS  explosive-driven  implosion  chamber  has  been  used  in  several  re¬ 
search  areas  since  it  was  conceived  by  Glass  (Ref.  1)  in  the  early  1960's. 

The  extremely  high  pressures  and  temperatures  generated  at  the  focus  of  implo¬ 
sions  were  utilized  for  driving  projectiles  to  hypervelocities  (Ref.  2),  as  a 
shock-tube  driver  (Ref.  3),  and  to  produce  diamonds  (Ref.  4).  Currently,  ex¬ 
perimental  studies  were  done  on  deuterium-deuterium  fusion  reactions  and 
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measurements  of  the  resulting  neutrons  and  gamma  rays  (Ref.  S) . 


The  conditions  produced  by  imploding  spherical  shock  waves  were  first  ob¬ 
tained  by  Guderly  (Ref.  6).  His  self-similar  solutions,  however,  deal  only 
with  very  strong  shock  waves.  They  do  not  allow  for  any  characteristic 
lengths,  such  as  the  chamber  radius  in  the  present  problem.  Consequently,  in 
the  present  study,  the  conditions  in  the  chamber  were  calculated  by  combining 
the  numerical  results  of  the  RCM  and  solutions  using  strong-shock  theory. 

The  principle  of  operation  of  the  UTIAS  20-cm  dia  implosion  chamber  can  be 
understood  by  referring  to  Fig.  1.  The  hemispherical  chamber  is  filled  with  a 
2H2+O2  mixture  at  high  pressure  (14  'v  68  atm  for  pure  gas  runs  and  27  atm  for 
explosive  runs).  The  gas  is  ignited  by  exploding  a  fine  nickel  wire  (0.13  mm 
dia  x  1  mm  long)  at  the  origin  of  the  hemisphere  creating  an  outgoing  detona¬ 
tion  wave  which  is  reflected  at  the  hemispherical-chamber  wall  and  then  con¬ 
verges  on  the  origin  as  an  imploding  shock  wave.  For  an  explosive  run,  a  PETN 
explosive  shell  bonded  against  the  wall  of  a  copper-carrier  liner  is  ignited 
upon  reflection  of  the  detonation  wave  and  further  reinforces  the  imploding 
shock  wave.  The  imploding  wave  is  again  reflected  at  the  origin  leaving  behind 
an  extreme  high-pressure-temperature  region.  The  objective  of  the  present  work 
was  to  measure  the  peak  temperature  of  this  region  and  compare  the  data  with 
analysis. 


Explosive 


b) 


Fig.  1  Schematic  of  implosion  chamber 

wave  dynamics. 

(a)  Outgoing  detonation  wave  in  2H2+02 
mixture. 

(b)  Detonation  wave  reflects  as  a  shock 
wave  (or  initiates  the  hemispherical 
PETN  liner  when  used) . 

(c)  Implosion  phase  onto  the  origin  when 
the  converging  shock  becomes  very 
strong. 

(d)  Implosion  reflects  as  an  exploding 
shock  wave  leaving  behind  a  high- 
pressure-temperature  region. 


In  previous  experiments,  time- integrated  (Ref.  7)  as  well  as  time-resolved 
colour-temperatures  of  the  implosion  focus  made  with  large  observing  areas 
(3x9  mm)  were  found  to  be  surprisingly  low  (4000  to  5000  K)  (Ref.  8) .  In 
the  present  work,  a  much  smaller  observing  area  (0.55  mm  dia)  was  used  and 
tine-resolved  simultaneous  measurements  were  made  at  eight  wavelengths 
covering  the  visible  region.  Our  temperature  measurements  are  more  precise 
(Ref.  n  )  and  are  in  better  agreement  with  expected  values.  Also,  the 
emissivity  of  the  radiating  plasma  was  evaluated  for  the  first  time. 


Implosion-Focus  Temperatures 
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2.  EXPERIMENTAL  ARRANGEMENTS 

The  UTIAS  implosion  chamber  consists  of  two  massive  front  and  rear  plates 
held  together  by  32  large  bolts  (Ref.  9).  A  20-cm  dia  hemispherical  cavity  is 
machined  in  the  rear  plate  supporting  a  hemispherical  copper  liner.  An  explo¬ 
sive  PETN  package  is  manufactured  on  the  inner  surface  of  the  copper  liner  for 
explosive  runs.  The  barrel,  which  holds  the  Plexiglas  observing  window,  the 
gas  inlet  and  the  exploding  wire  are  installed  in  the  front  plate.  For  explo¬ 
sive  runs,  a  20-degree  conical  liner  plate  is  added  to  the  front  plate  to 
guard  the  chamber  from  any  serious  mechanical  damage  due  to  off-focus  implo¬ 
sions  (Ref.  10). 

A  0.13-mm  dia  x  1-mm  long  nickel  wire  is  exploded  at  the  geometrical  centre 
of  the  chamber  by  discharging  a  1-yF  capacitor  charged  to  21  KV.  All  spectro¬ 
scopic  observations  were  made  with  a  Hilger  medium-quartz  spectrograph.  For 
photographic  work  Kodak  Plus-X  pan  film  was  used.  For  time-resolved  photo¬ 
electric  recording  a  photomultiplier  attachment  enabled  simultaneous  measure- 
mentsoat  eight  wavelengths  (3900,  4128,  4391,  4710,  5123,  5629,  6328  and 
7525  A).  The  time-response  of  the  system  was  about  0.1  psec.  The  calibration 
of  the  photomultipliers  was  done  in  the  conventional  manner  using  a  calibrated 
tungsten  ribbon  strip  lamp. 

For  gas  runs,  a  2H2+02  gas-mixture  was  filled  at  different  pressures  (13.6, 
27.2,  40.9,  54.5  and  68.1  atm).  Thickness  of  1.6  mm  and  3.2  mm  PETN  explosive 
shells  were  used  with  a  2H2+02  gas-mixture  of  27.2  atm  initial  filling  pressure 
for  explosive  runs.  These  explosive  shells  weighed  approximately  40g  and  80g, 
respectively. 

3.  EXPERIMENTAL  RESULTS 

Pictures  of  the  radiation  spectrum  of  the  first  implosion  pulse  were  taken 
to  investigate  the  characteristics  of  the  radiation  with  a  rotating-disk 
shutter.  Details  of  the  operation  of  the  shutter  can  be  found  in  Refs.  7  and 
11.  It  was  found  that  the  spectrum  was  completely  continuous  suggesting  that 
the  temperature  of  the  radiating  gas  at  the  implosion  focus  can  be  determined 
by  finding  a  blackbody  curve  of  a  certain  temperature  which  fits  best  to  the 
experimental  data.  The  temperature  measurements  were  carried  out  photoelec - 
trically  with  the  experimental  set-up  shown  in  Fig.  2.  A  brass  mask  with  a 
small  hole  (0.55  mm  dia)  at  the  centre  was  placed  on  the  window  surface.  The 
observing  area  was  determined  by  the  hole  size  and  the  width  of  the  entrance 
slit  of  the  spectrograph. 


Implosion  Chomber 


Fig.  2  Schematic  diagram  of  experi 
mental  facility  to  study  spherical 
implosions. 
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A  typical  oscillograa  of  a  tune- resolved  measurement  for  a  gas  rm  is  shown 
in  Fig.  3.  The  recordings  are  strongly  disturbed  by  the  electronagnetic  pick¬ 
up  from  the  discharge  systea  of  the  exploding  wire.  The  interference  disap¬ 
pears  in  about  30  -sec  and  the  radiation  intensity  stays  at  a  quite  constant 
value  until  the  first  inplosion  wave  cones  back  to  the  origin.  The  inplosion 
tine  (che  tine  between  the  ignition  and  the  arrival  of  the  inplosion  shock  wave 
at  the  centre)  was  approximately  75  -sec  for  gas  runs  aid  59  .sec  and  36  .sec 
for  explosive  runs  of  1.6  and  3.2  no  PER  layers,  respectively.  In  gas  runs 
some  subsequent  inplosion  pulses  were  observed  although  the  radiation  intensi¬ 
ties  were  ouch  lower  than  the  first  inplosion  pulse.  The  window  broke  about 
500  *.  700  isec  after  ignition  for  gas  runs  and  about  18  .sec  after  the  first 
inplosion  pulse  for  explosive  runs. 

Fig.  5.  Typical  output 
signal  fr on  photomulti¬ 
plier  for  a  gas  run. 

Po  =  27.2  a tii.  »  =  51231. 

A:  Noise  from  discharging 
system  *  radiation 
from  exploding  wire. 

I:  Inplosion  pulse. 

(von) 


The  radiation  intensities  at  eight  different  wavelengths  which  cover  the 
whole  risible  radiation  range  were  treasured  for  each  run  to  eliminate  the  nm- 
to-run  fluctuation  due  to  the  variation  in  the  degree  of  focussing. 

The  radiation  intensity  of  a  graybody  at  a  given  temperature  T  aid  wave¬ 
length  H  is  expressed  as 

l*i  -  (I) 

where  B>,-  (T)  is  the  Planck  law. 
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with  Ci  «  1.191  x  10  erg- cm  -sec  and  Cz  =  1.4388  cm  K;  E  is  the  enissirity 

of  the  radiating  gas.  Under  the  condition  exp(C2/»T)  >>  1,  Bj-(T)  can  be  re¬ 
placed  by  the  Wien  approximation.  1 
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Substituting  Eq.  (3)  into  Eq.  (1)  results  in 
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Obtaining  the  intensities  >)j  ( i  *  1,  2,  ....  8)  experimentally,  the  tenpera- 
ture  can  be  determined  frou  the  slope  of  the  line  which  goes  through  the  data 
points  of  a  plot  of  the  values  of  the  left-hand  side  of  Eq.  (4)  against  the 
rave  mriier  (l/*i).  The  enissivity  can  also  be  evaluated  from  the  values  at 
the  intersection  of  the  line  with  the  vertical  axis.  However,  after  evaluating 
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some  experimental  data,  it  was  found  that  the  temperature  range  obtained  at  the 
implosion  focus  was  above  10,000  K  and  the  accuracy  of  Wien's  approximation  was 
poor.  Therefore,  in  practice,  the  temperature  and  emissivity  were  varied  to 
minimize  the  sum  of  the  squares  of  deviations  in  the  experimentally  obtained 
intensities  from  the  intensities  given  by  Eq.  (2) .  Typical  results  of  a  gas 
run  and  an  explosive  run  are  shown  in  Fig.  4.  The  results  are  presented  taking 
advantage  of  Eq.  (4),  namely,  the  solid  lines  are  drawn  in  such  a  way  that 
their  slopes  and  their  intersections  with  the  ordinate  represent  the  tempera¬ 
ture  and  emissivity  obtained  by  using  Planck’s  law  and  the  data  points  are 
correspondingly  corrected  by  a  factor 

C2 

FX.(T)  =  1  -  exp  -ip  (5) 

i 

which  is  simply  the  ratio  of  Planck's  law  to  Wien's  approximation. 


Fig.  4.  Experimental  results  for  a  gas  run  and  an  explosive  run. 

It  was  found  that  the  emissivity  of  the  radiating  gas  was  very  close  to 
unity  except  for  the  low  initial  pressure  gas  runs  (p0  =  13.6  and  27.2  atm) 
where  the  emissivities  have  a  range  of  0.7  %  0.9. 

4.  ANALYTICAL  PREDICTIONS 

In  the  present  study,  the  RCM  was  employed  to  calculate  the  imploding 
stage.  Details  of  the  RCM  are  available  in  Refs.  12  to  15.  In  the  RCM,  the 
waves  are  propagated  statistically  and  the  discontinuities  such  as  shocks  and 
contact  surfaces  appear  as  perfectly  sharp  fronts  without  any  smearing,  unlike 
finite-difference  schemes  using  artificial  viscosity.  Self-similar  solutions 
for  constant  speed  spherically  expanding  Chapman- Jouguet  (C-J)  detonation  waves 
in  the  detonation  stage  were  calculated  to  give  the  initial  conditions  for  the 
imploding  stage  (Ref.  16).  The  details  of  the  numerical  results  from  the  RCM 
and  strong-shock  theory  for  gas  runs  and  explosive  runs  are  given  in  full  in 
Ref.  11. 


5.  COMPARISON  OF  EXPERIMENTAL  RESULTS  AND  THEORY 

Figure  5  compares  the  experimental  results  and  the  expected  average  tern- 


Saito  et  al. 


1312] 

peratures  over  a  0.55-nun  dia  circular  area  at  the  origin.  The  calculated  tem¬ 
perature  depends  on  the  position  of  the  imploding  shock  wave.  When  the  wave 
radius  is  larger  than  the  radius  of  the  observing  area  only  the  wave  front  can 
be  seen  through  the  window.  When  the  imploding  shock  wave  comes  inside  the 
observing  area,  not  only  the  wave  front  but  also  the  region  behind  the  implod¬ 
ing  shock  wave  is  seen  and  the  averaged  temperature  becomes  lower  than  the 
temperature  at  the  wave  front.  This  arises  from  the  rapidly  falling  tempera¬ 
ture  behind  the  implosion  wave.  As  a  result,  the  averaged  temperature  has  a 
maximum  when  the  radius  of  the  imploding  shock  wave  is  slightly  smaller  than 
the  radius  of  the  observing  area.  The  imploding  shock  radius  at  >jhich  this 
occurs  is  called  R*,  as  shown  on  Fig.  5.  In  other  words,  there  is  a  certain 
maximum  observable  temperature  for  a  certain  size  of  observing  area  no  matter 
how  small  the  imploding  shock  wave  converges.  This  maximum  temperature  and 
the  temperatures  which  are  expected  to  be  observed  when  the  imploding  waves 
are  at  different  radii  from  the  centre  are  also  shown  in  Fig.  5.  In  principle, 
if  it  were  possible  to  place  the  observing  area  exactly  at  the  focus  of  the 
implosion  then  higher  temperatures  would  be  measured  with  decreasing  mask  hole 
size.  However,  in  practice  the  size  of  0.55  mm  dia  was  found  to  be  an  optimum 
limit  considering  the  time  resolution  of  the  present  measuring  system. 


Fig.  5(a).  Comparison  of  experimental  Fig.  5(b).  Comparison  of  experimental 
results  with  analysis  for  gas  results  with  analysis  for  explo- 

runs.  sive  runs. 


For  gas  runs  the  dependence  of  measured  temperatures  on  the  initial  filling 
pressures  agreed  quite  well  with  the  analytical  predictions  although  the  ab¬ 
solute  values  of  the  temperatures  were  somewhat  ('v  20%)  lower  than  the  expected 
maximum  temperatures.  The  lower  values  of  the  measured  temperature  can  be 
attributed  to  the  fact  that  the  temperature  behind  the  imploding  shock  front 
decreases  rapidly.  When  the  temperature  is  measured  in  a  radial  direction 
from  a  certain  point  ahead  of  the  wave  front,  it  would  be  lower  tha^  the  front 
temperature.  It  would  probably  be  a  kind  of  averaged  temperature  of  che  region 
between  the  shock  front  and  a  certain  point  behind  the  front  by  about  the  same 
distance  as  the  radiation  mean  free  path.  It  has  been  calculated  that,  when 
the  imploding  wave  radius  Rs  has  converged  to  R*  (^  0.25  mm,  in  Fig.  5),  the 
temperatures  at  points  5  and  63v  behind  the  shock  front  are,  respectively,  90 
and  60%  of  the  shock- front  temperature. 


For  the  explosive  runs,  the  measured  temperatures  were  much  lower  than  the 
expected  temperatures.  Also  the  increase  in  the  measured  temperatures  for 
increased  PETN  thickness  was  small  compared  with  the  analytical  prediction. 

*  ***<*- 
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Considering  the  much  higher  temperatures  in  explosive  runs  at  the  shock  front 
than  in  gas  runs,  the  so-called  "screening  effect”  of  the  preheated  gas  layer 
ahead  of  the  shock  front  (Ref.  17)  is  probably  the  reason  for  this  phenomenon. 

Although  the  measured  maximum  temperatures  were  relatively  low  and  corre¬ 
sponding  to  large  analytical  radii  for  the  imploding  waves  in  explosive  runs, 
the  pressures  obtained  in  explosive  runs  are  much  higher  than  in  gas  runs 
even  for  the  highest  initial  gas  pressure  (p0  =  68.1  atm)  as  the  window  breaks 
much  faster  in  explosive  than  in  any  gas  runs.  The  final  size  of  the  implo¬ 
sion  focus  which  gives  the  measured  temperature  obtained  analytically  is  about 
1.5  mm  radius.  The  final  pressure  that  would  be  obtained  in  an  explosive  run 
for  this  focal  size  corresponds  to  the  pressure  which  would  be  obtained  in  a 
gas  run  of  p0  'v*  54  atm  when  it  converged  to  about  0.6  mm  radius.  However, 
the  window  breaks  nearly  20-fold  faster  in  the  explosive  runs,  producing  a 
pressure  far  beyond  what  can  be  produced  in  a  gas  run  of  54  atm  initial  pres¬ 
sure.  Despite  the  fact  that  the  observed  temperature  remains  at  a  low  value, 
owing  to  the  preheating  of  the  gas  ahead  of  the  shock  wave  and  becomes  opaque 
with  a  surface  temperature  of  about  17,000  K,  the  actual  implosion  focus 
continues  to  decrease  to  much  smaller  values  (from  the  1.5  mm  radius).  How¬ 
ever,  this  has  no  effect  on  the  measured  temperatures  as  the  preheated  gas  is 
opaque. 

Although  an  appropriate  perfect-gas  analysis  (y  'v  1.14)  was  used  through¬ 
out  the  present  work,  the  approach  appears  quite  reasonable.  Flagg  (Ref.  10) 
has  shown  that  the  isentropic  exponent  of  the  gas  scarcely  changes  during  the 
implosion  and  reflection  stages  (y  'v  1.14)  after  investigating  the  numerical 
results  of  Brode  (Ref.  18)  who  used  an  equation  of  state  for  a  real  gas  for 
a  burnt  2H2+O2  mixture.  The  equilibrium  compositions  of  the  2H2+02  system 
were  calculated  separately  in  the  present  study  using  the  method  of  minimizing 
Gibbs’  free  energy  (Ref.  19).  It  was  noted  that  the  effects  of  increasing 
temperature  and  pressure  on  dissociation  and  ionization  compensate  each  other 
and  no  significant  change  in  the  composition  occurred. 

The  radiation  loss  has  also  been  estimated  and  it  was  found  that  the  order 
of  the  loss  compared  to  the  energy  flux  into  the  shock-wave  region  due  to  the 
converging  geometry,  i.e.,  the  inhomogeneous  term  of  the  energy  equation  in 
the  lossless  basic  equations  was  negligibly  small  (10-2  "v  10~°) ,  owing  to  the 
very  high  pressure  and  particle  velocity  (p  ^  1,4  -  5.8  x  lO4  atm  and  u  'v  12-24 
km/sec  at  Rs  =  0.1  mm).  Therefore,  the  radiation  loss  is  not  important  for 
the  present  work. 

In  the  most  recent  experiments  (Ref.  5),  where  deuterium  was  used  instead 
of  hydrogen,  production  of  neutrons  and  y-rays  from  D-D  reactions  were  ob¬ 
served.  If  this  is  the  case  then  the  final  focus  of  the  implosions  could  be 
very  small,  say  the  order  of  lOy. 

6.  CONCLUSIONS 


The  continuous  radiation  spectra  and  the  measured  emissivities  showed  that 
the  hot  gases  at  an  implosion  focus  from  gas  and  explosive  drivers  radiate  as 
blackbodies.  The  temperatures  at  the  focal  point  of  an  imploding  shock  wave 
were  measured  spectroscopically  in  the  visible  region.  For  gas  runs,  the 
effect  of  the  initial  filling  pressures  on  the  temperature  was  small  and 
10,000  'v  13,000  K  were  measured  when  the  initial  pressure  was  increased  from 
13.6  to  68.1  atm.  This  dependence  of  the  temperature  agreed  very  well  with 
analytical  results.  For  explosive  runs,  the  observed  temperatures  were 
15,000  K  for  a  1.6-mm  and  17,000  K  for  a  3.2-mm  shell  of  PETN  explosive.  The 
measured  temperatures  in  explosive  runs  were  limited  to  15,000  17,000  K 

owing  to  the  screening  effect  of  the  preheated  layer  ahead  of  the  shock  front, 
even  though  the  imploding  shock  wave  continued  to  converge.  A  high  degree  of 
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convergence  was  obtained  despite  the  possible  existence  of  bifurcation  of  the 
imploding  shock  waves  due  to  the  boundary  layer  developed  on  the  flat  surface 
and  some  of  the  unavoidable  geometrical  roughness  of  the  chamber  around  the 
origin  (which  is  not  small,  if  we  talk  about  a  final  focus  in  the  micron 
range).  It  is  even  more  remarkable  if  neutrons  and  y-rays  can  be  obtained 
(Ref.  5).  Many  additional  investigations  are  still  needed  to  settle  the 
question  of  the  actual  final  focal  size  and  the  physical  conditions  which 
exist  there.  Further  details  can  be  found  in  Ref.  11. 
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The  region  of  a  shock  wave  close  to  a  wall  is 
subject  to  theoretical  and  experimental  investi¬ 
gations.  For  the  theoretical  description  of  the 
flowfield  the  direct  Monte  Carlo  simulation 
method  is  used.  The  theoretical  results  are  com¬ 
pared  with  experimental  data,  obtained  with  a 
multi-beam  laser  differential  interferometer  in 
a  low  density  shock  tube.  The  influence  of  the 
wall  boundary  layer  on  the  shock  structure  and 
the  shock  curvature  will  be  discussed  as  a  func¬ 
tion  of  the  shock  strength,  the  intermolecular 
potential  and  the  accommodation  coefficient  at 
the  wall._ 


INTRODUCTION 

A  shock  wave,  moving  along  an  infinite  wall,  develops  a  two- 
dimensional  structure  in  the  region  close  to  the  wall.  Figure  1 
gives  an  impression  of  the  flowfield  of  interest.  The  quiescent 
gas  initially  ahead  of  the  shock  wave  is  set  in  motion  by  the 


Figure  1 .  Shock-surface 
interaction 


shock  and  is  accelerated  to  high  speeds  within  a  distance  of  a  few 
mean  free  path  X1  of  the  quiescent  gas.  This  acceleration  is  ac¬ 
companied  by  a  rise  in  temperature,  pressure  and  density  for  the 
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gas.  Due  to  the  boundary  conditions,  the  moving  gas  downstream  of 
the  shock  wave  is  slowed  down  at  the  wall  and  the  gas  temperature 
equals  the  temperature  at  the  wall.  Where  the  shock  touches  the 
wall  a  shear  layer  develops,  which  is  the  beginning  of  the  boun¬ 
dary  layer  downstream  of  the  shock.  This  shear  layer  is  subject 
to  the  theoretical  and  experimental  investigations. 

THEORY 

The  direct  Monte  Carlo  simulation  method,  as  developed  by 
Bird  (ref.  1)  is  used  to  describe  the  flow  in  the  region  of  inte¬ 
rest.  The  physical  model  to  apply  the  simulation  technique  to 
this  two-dimensional  problem  is  shown  in  Figure  2.  The  simulated 


Figure  2.  Simu¬ 
lation  model 


flowfield  is  bounded  by  a  piston,  a  center  line,  a  right  border 
and  a  solid  wall.  This  region  is  subdivided  into  about  1600  cells. 
The  flow  in  front  of  the  piston  is  modeled  in  terms  of  about 
15000  model  molecules.  The  shock  wave  is  generated  by  the  piston, 
which  is  suddenly  set  in  motion  and  moves  with  constant  velocity 
Up  into  the  gas. 

The  simulation  procedure  starts  with  molecules  having  a 
Maxwellian  velocity  distribution  corresponding  to  thermodynamic 
equilibrium  in  the  quiescent  gas  at  temperature  T. .  These  mole¬ 
cules  are  uniformly  distributed  in  space.  The  simulation  proceeds 
in  discrete  time  steps.  During  these  steps,  the  molecules  move 
according  to  their  individual  velocities  and  are  reflected  at  the 
flow  boundaries.  At  the  solid  wall,  the  molecules  are  reflected 
according  to  a  wall  accommodation  coefficient  o,  the  free  other 
boundaries  (right  boundary,  center  line,  piston)  reflect  the  mo¬ 
lecules  specularly  (a  =  0) .  At  each  time  stop,  collision  pairs 
are  selected  randomly  in  each  cell  according  to  their  relative 
speed.  The  collision  process  is  calculated  classically  with  a 
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given  intermolecular  potential. 

The  macroscopic  quantities,  for  example  density,  temperature, 
pressure  and  others  can  be  extracted  by  sampling  and  averaging 
over  appropriate  molecular  quantities  in  each  cell.  Because  the 
model  number  density  is  small,  the  fluctuations  in  the  macroscopic 
quantities  are  significant.  The  fluctuations  are  reduced  by  repea¬ 
ting  the  simulation  process  several  times  and  averaging  the  flow 
properties . 

EXPERIMENT  ? 

The  experiments  are  carried  out  in  a  low  density  shock  tube 
of  150  mm  inner  diameter.  At  the  end  of  the  driven  section  a 
90*90  mm  square  test  section  (Figure  3)  was  attached  in  which  a 


shock  wave 


Figure  3. 
Test  sec¬ 
tion 


flat  plate  (aluminium)  was  inserted  for  the  measurements.  The  lo¬ 
cal  gas  density  has  been  measured  with  a  multi-beam  laser  diffe¬ 
rential  interferometer.  The  interferometers  are  stacked  perpendi¬ 
cular  to  the  plate  at  wall  distances  from  0.15  mm  to  1.5  mm. 
Figure  4  shows  the  arrangement  for  one  of  these  interferometers. 
The  measurements  are  obtained  in  argon  and  nitrogen  at  an  initial 
pressure  of  0.13  mbar  and  for  shock  Mach  numbers  between  about 
three  and  nine.  At  this  pressure,  the  mean  free  path  \ .  is  about 
0 . 5  mm.  1 

The  effective  beam  diameter  in  the  test  section  was  0.19  mm 
and  the  distance  between  the  beams  of  one  interferometer  was 
3.3  mm.  This  combination  provided  sufficient  resolution  in  time 
and  space  for  the  density  measurements  in  the  region^of  interest. 

The  test  section  was  arranged  sufficiently  far  downstream  of 
the  diaphragm  that  the  flow  is  fully  developed  at  the  location  of 
the  density  measurements. 
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Carlo  calculations.  The  axes  are  the  normalized  density  and  the 
normalized  distance  along  the  wall.  The  density  is  normalized 
with  p.,  the  density  upstream  of  the  shock  and  p2,  the  theoreti¬ 
cal  density  rise  downstream  of  the  normal  shock  wave.  For  the 
simulation  calculations,  the  Lennard-Jones  (12-6)  potential,  the 
repulsive  potential  proportional  to  1/rv-^  with  v  =  5  and  10  and 
the  hard-sphere  model  (v  =  oo)  are  assumed. 

For  comparing  together  different  density  profiles,  these  are 
crossed  at  (p -p1 ) / (p--p1 )  =  0.5.  The  statistical  scatter  of  the 
Monte  Carlo  results  is  eliminated  by  fairing  curves  through  the 
points  representing  the  sampling  results  for  the  individual  cells. 

The  comparison  for  M  =3.55  (Figure  5)  shows  that  the  expe¬ 
rimental  profile  downstreim  of  the  shock  is  above  the  calculated 
ones.  The  deviation  between  experiment  and  simulation  cannot  be 
an  effect  of  the  accommodation  coefficient  a,  because  full  accom¬ 
modation  (a  =  1)  at  the  wall  is  assumed.  A  reduced  value  for  a 
increases  the  difference  between  theory  and  experiment.  The  repul¬ 
sive  potential  with  v  =  5  gives  better  agreement  than  the  repul¬ 
sive  potential  with  v  =  10,  the  Lennard-Jones  potential  and  the 
hard-sphere  model.  This  indicates,  that  for  this  shock  strength  a 
weak  potential,  that  is  the  repulsive  potential  with  v  =  5,  with 
an  accommodation  coefficient  of  a  =  1  is  good.  Perhaps  a  modified 
repulsive  part  of  the  Lennard-Jones  potential  is  required  to  im¬ 
prove  agreement  with  the  experimental  data.  Perhaps  a  (9-6)  in¬ 
stead  of  (12-6)  potential. 

In  Figure  6  density  profiles  for  Ms  =  6.46  are  presented.  In 
contrast  to  the  data  for  M  =3.55  the  experimental  density  value 
is  now  below  the  simulation  calculations  with  the  repulsive  poten¬ 
tial  with  v  =  5  and  10,  the  Lennard-Jones  potential  and  an  accom¬ 
modation  coefficient  a  =  1.  The  hard-sphere  model  now  is  in  the 
range  of  the  experiment.  Lowering  the  accommodation  coefficient 
to  about  a  =  0.9  and  calculating  with  the  repulsive  potential  with 
v  =  10  or  the  Lennard-Jones  potential,  results  in  a  better  agree¬ 
ment  between  experiment  and  theory  than  calculating  with  the  hard- 
sphere  model  and  a  =  1 .  This  confirms  the  well-known  fact  that  the 
Lennard-Jones  potential  is  more  realistic  than  the  hard-sphere 
model.  From  these  considerations  it  can  be  concluded  that  the 
accommodation  coefficient  a  is  now  below  unity. 

The  experimental  result  for  M  =  9.21  (Figure  7)  is  fully  be¬ 
low  the  calculated  ones.  Good  agreement,  relative  to  the  shape  of 
the  profiles  and  the  density  values,  can  be  reached  with  the  re¬ 
pulsive  potential  with  v  =  10  or  the  Lennard-Jones  potential  by 
reducing  a  to  about  0.8. 

In  Figure  8  and  Figure  9  experimental  and  calculated  density 
profiles  in  nitrogen  are  shown.  The  simulation  calculations  are 
done  with  the  "energy  sink  model"  using  the  repulsive  potential 
with  v  =  10  and  an  energy  transfer  factor  t^  *  0.054,  correspon¬ 
ding  to  a  relaxation  value  ZR  =  4 .  In  argon1 the  repulsive  poten¬ 
tial  with  v  =  10  has  given  good  results  with  a  minimum  of  compu¬ 
ting  time  needed,  wherefore  this  intermolecular  potential  has  been 
choosen  for  the  calculations  in  nitrogen. 

In  these  figures  three  wall  distances  -  y/X.  =  0.3,  1.11, 

2.28  -  are  presented.  It  can  be  seen  that  close  to  the  wall  the 
density  rises  considerably  above  the  value  for  a  normal  shock 
wave,  (p  — p i ) / (p 2— p i )  =  !•  The  large  gradients  in  the  flow  proper- 
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Figure  8.  Numerical  and  experimental  results 


Figure  9.  Numerical  and  experimental  results 


ties  perpendicular  to  the  wall  are  limited  to  a  few  mean  free 
path  distances  from  the  wall  and  therefore  the  most  interesting 
density  profile  is  the  one  closest  to  the  wall. 

Regarding  the  profiles  closest  to  the  wall  in  Figure  8  and 
Figure  9  together  with  the  profiles  in  Figures  5  through  7  some 
conclusions  about  the  accommodation  coefficient  can  be  obtained. 
For  weaker  shocks  (M  =3.37)  the  experimental  density  profiles 
in  nitrogen  are  abovl  the  calculated  ones ,  whereas  for  stronger 
shocks  (M  =6.14)  the  experimental  profile  for  y/X.  =  0.3  is  in 
the  rangesof  the  calculated  one.  This  means  that  relative  to  the 
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accommodation  coefficient,  the  results  in  nitrogen  are  similar  to 
these  in  argon.  In  both  gases  the  experimental  density  profiles 
closest  to  the  wall  are  above  the  calculated  ones  for  weak  shocks 
and  in  the  range  or  below  the  calculated  ones  for  increasing  shock 
strength.  This  result  indicates  a  decreasing  accommodation  coeffi¬ 
cient  at  the  wall  with  growing  shock  Mach  number,  equivalent  to 
an  increasing  temperature  difference  between  the  temperature  at 
the  wall  and  the  freestream.  In  first  approximation  it  is  assumed 
that  the  temperature  of  the  wall  remains  at  constant  temperature 

T1  ' 

Furthermore  the  intermolecular  potential  influences  the  shape 
of  the  shock  and  the  density  level  downstream.  For  lower  Mach  num¬ 
bers  (M  <  4)  the  comparison  between  experiment  and  simulation  in 
argon  snows  that  the  repulsive  potential  with  v  =  5  gives  a  good 
fit.  For  stronger  shocks,  the  repulsive  potential  with  v  =  10, 
the  Lennard-Jones  potential  and  the  hard-sphere  model  gives  bet¬ 
ter  results  than  the  pure  repulsive  potential  with  v  =  5.  With 
the  Lennard-Jones  potential  the  best  results  for  all  shock  Mach 
numbers  are  obtained,  although  it  seems  that  the  repulsive  part 
of  the  Lennard-Jones  potential  is  too  hard  and  a  weaker  part 
would  give  better  results. 

An  interesting  picture  develops  for  the  shock  curvature.  The 
direct  Monte  Carlo  simulation  calculations  allow  the  determination 
of  lines  of  constant  density  and  of  constant  temperature.  These 
lines  of  constant  density  (Figure  10a)  shows  an  inflection  point 
at  the  front  part  of  the  shock  wave  and  turn  forward.  Downstream 
the  lines  are  less  spaced  closer  to  the  wall,  due  to  the  large 
density  rise  in  this  narrow  region.  In  contrast  to  the  forward 
foot  of  the  lines  of  constant  density,  the  lines  of  constant  tem¬ 
perature  (Figure  10b)  are  only  bend  backward. 

The  difference  in  the  density  and  temperature  flowfield  can 
be  explained  gaskinetically .  The  fast  molecules,  coming  from  the 
freestream,  are  slowed  down  when  they  come  into  contact  with  the 
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Figure  10a.  Lines  of  constant  density 
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Figure  10b.  Lines  of  constant  temperature 

solid  wall.  These  molecules  adopt  the  temperature  of  the  wall,  be¬ 
come  slower  and  accumulate  near  the  wall.  This  results  in  a  den¬ 
sity  rise.  In  contrast,  the  translational  energy,  or  macroscopi- 
cally  the  temperature,  changes  gradually  with  growing  distance 
from  the  wall  by  the  action  of  molecular  collisions. 

The  influence  on  the  curvature  of  the  lines  of  constant  den¬ 
sity  and  constant  temperature  by  varying  the  intermolecular  poten¬ 
tial  is  smaller  than  by  changing  the  accommodation  coefficient.  A 
decreasing  accommodation  coefficient  (from  a  =  1  to  a  =  0)  vanishes 
the  curvature  of  the  density  and  temperature  flowfield.  a  =  0  pro¬ 
duces  a  normal,  one-dimensional  shock  wave  with  lines  of  constant 
density  or  temperature  perpendicular  to  the  wall. 

Lines  of  constant  density,  obtained  from  the  measured  densi¬ 
ty  profiles,  are  also  bent  forward  as  can  be  seen  for  the  calcu¬ 
lated  data  in  Figure  10a.  Previous  curvature  measurements 
(ref.  2),  done  with  an  array  of  thin  film  gauges,  don't  agree 
with  the  present  results.  The  reason  for  this  can  be  explained 
with  the  response  of  thin  film  gauges.  These  respond  to  the  heat 
flux  into  the  surface.  The  heat  flux  is  proportional  to  the  gas 
density  and  the  temperature  difference.  The  laser  differential 
interferometer  responds  to  density  only.  The  fact  that  the  tempe¬ 
rature  flowfield  shows  no  forward  bend,  allows  an  explanation  for 
the  difference  and  it  is  understandable  to  miss  a  forward  facing 
in  the  curvature  as  measured  with  thin  film  gauges. 

REFERENCES 

1.  G.  A.  Bird,  Molecular  Gas  Dynamics,  Oxford  University  Press, 
London,  1976 

2.  B.  Schmidt,  Archives  of  Mechanics,  28,  809,  Warsaw,  1976 


AD  JP  0  0  0  2  K  fi 
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The  effect  of  surface  roughness  on  the  shock  transition  over 
flat  wedges  in  quasi-stationary  flows  and  concave  and  convex 
wedges  in  truly  non-stat ionary  flows  is  examined  experiment¬ 
ally.  For  flat  wedges  saw-toothed  roughnesses  were  used.  For 
the  curved  wedges,  as  surface  roughness  a  mesh  No.  40  sand 
paper  and  a  mesh  No.  320  sand  paper  were  used. 

Experiments  were  conducted  on  the  Institute  of  High  Speed 
Mechanics  4o  mm  x  80  mm  shock  tube  equipped  with  a  double 
exposure  holographic  interferometer.  The  incident  shock  Mach 
number  range  was  1.04  to  4.0  for  nitrogen  or  dry  air.  In  the 
case  of  curved  wedges,  the  shock  transition  angles  were 
determined  by  means  of  streak  camera  technique  with  curved 
slits. was  found  that  the  shock  transition  angles  become 
smallelA  with  increasing  surface  roughness.  For  flat  wedge  of 
0.8  mm  Surface  roughness, the  transition  angle  was  10° 
smaller  than  that  of  a  smooth  flat  wedge  for  stronger  shocks. 

The  experimental  result  was  very  well  explained  by  using  a 
shock  polar.  In  the  case  of  curved  wedges  with  mesh  No.  40 
roughness,  the  Mach  to  regular  transition  takes  place  at  54° 

(  for  a  smooth  concave  wedge,  it  occurs  at  65°  )  while  the 
regular  to  Mach  transition  takes  place  at  27°  (  40°  for  a 
smooth  convex  wedge  ) . 

INTRODUCTION 

The  reflection  of  oblique  shock  waves  is  a  nonlinear  problem  which  has  been 
investigated  analytically  and  experimentally  by  many  researchers.  The  recent 
publications  concerning  this  problem  have  indicated  that  in  general  the  pheno¬ 
menon  of  shock  wave  reflection  should  be  divided  into  three  cases,  according  to 
the  types  of  flow,  i.e.,  l)  steady  flow,  2)  quasi-stationary  flow,  and  3)  truly 
non-stationary  flow. 

The  reflections  possible  in  each  type  of  flow  as  well  as  the  appropriate 
transition  criteria  between  them  are  described  by  Ben-Dor  and  Glass  (ref.l  and 
2)  for  a  quasi-stationary  flow,  Ben-Dor  (ref. 3)  for  a  steady  flow  and  Ben-Dor 
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Takayama  and  Kawauchi  (re f.k)  for  a  truly  non-stationary  flow.  Ben-Dor  and 
Glass  (ref.l  and  2) hypothesized  that  in  a  truly  non-stationary  flow  the  RR  ( 
regular  reflection)  -*■  MR  (Mach  reflection)  transition  need  not  be  the  same  as 
the  MR  -*•  RR  transition.  They  assume  that  once  RR  or  MR  is  formed  and  then  the 
wedge  angle  0  or  the  incident  shock  Mach  number  M  is  changed  gradually  to 
cause  transition  to  MR  or  RR,  the  original  reflection  (RR  or  MR)  will  terminate 
only  when  physically  it  becomes  impossible  for  it  to  exist.  Observing  the  shock 
transition  over  a  concave  or  a  convex  wedge,  Ben- Dor,  Takayama  and  Kawauchi 
(ref.k)  have  experimentally  shown  that  in  truly  non-stationary  flows  (i.e., 
flows  which  cannot  be  made  quasi-stationary)  the  transition  angle  of  RR  -*■  MR  is 
different  from  that  of  MR  +  RR.  Schultz-Grunow  (ref. 5)  has  observed  that,  in  a 
shock  transition  over  corrugated  wedges  at  Mg  =  1.5  and  2.7,  the  transition 
wedge  angle  becomes  smaller  than  that  over  a  smooth  flat  wedge  owing  to  surface 
irregularity. 

In  the  course  of  the  study  on  the  shock  transition,  it  is  of  primary 
importance  to  investigate  the  effect  of  surface  roughness  on  the  shock  transi¬ 
tion  over  a  flat  wedge  with  surface  roughness  or  on  the  MR  -»  RR  or  RR  -»  MR 
transition  over  a  concave  or  a  convex  wedge.  Therefore  the  purpose  of  the 
present  paper  is  to  examine  this  effect  on  the  shock  transition  over  fiat 
wedges  with  surface  roughness  and  the  MR  -*■  RR  and  the  RR  -*•  MR  transition  over 
the  curved  wedges  with  surface  roughness.  It  is  found  that  the  shock  transition 
angle  is  decreased  with  increasing  surface  roughness  in  both  quasi-stationary 
and  truly  non-stationary  flows.  In  the  case  of  the  flat  wedge  with 

surface  roughness,  the  experimental  result  is  very  well  interpreted  by  using  a 
shock  polar. 

EXPERIMENTS 

For  the  flat  wedge  with  surface  roughness,  the  saw-toothed  surface  rough¬ 
ness  of  height  k  =  0.1,  0.2,  0.8  and  2.0  mm  was  set  on  a  flat  wedge  the  apex 
angle  of  w  \ch  is  arbitrarily  variable  from  10°  to  50°,  as  shown  in  Fig.  1(a). 
Figure  1(b)  shows  the  shape  of  the  saw-toothed  roughness. 

K-  2k  -*i 
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Table  1  Saw-toothed 
roughness 

U0 

(a) 

Fig.l  Flat  wedge  model 

Each  concave  or  convex  wedge  was  investigated  with  three  different  surface 
roughness:  1)  smooth  surface,  2)  mesh  No.  320  sand  paper,  and  3)  mesh  No.  1*0 
sand  paper.  Practically , a  sand  paper  of  mesh  No.  X  has  the  average  grain  size 
of  25. U/X  mm.  Therefore  the  average  roughness  of  a  mesh  No.  320  sand  paper 
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is  0.08  mm  and  0.6U  mm  for  a  mesh  No.  1*0  sand  paper.  The  thickness  of  each  sand 

paper  is  0.3  mm  for  a  mesh  No. 320  sand  paper  and  1.3  mm  for  a  mesh  No.  1*0  sand 

paper.  The  sand  papers  were  carefully  pasted  upon  the  the  curved  wedge  surface 
with  epoxy  resin.  Two  types  of  curved  wedges  were  used:  In  the  concave  cylinder 
with  radius  R  =  50  mm,  the  wedge  angle  changes  from  0°  to  90°,  and  in  the 

convex  cylinder  with  R  =  1*0  mm, the  wedge  angle  changes  from  90°  to  0°. 

Consequently,  the  MR  -*•  RR  transition  takes  place  over  the  concave  wedge,  the  RR 
MR  transition  occurs  over  the  convex  wedge.  Each  model  is  shown  in  Fig.  2. 

t 


Fig.  2  Concave  and 
convex  wedges  with 
surface  roughness 


Experiments  were  conducted  on  the  Institute  of  High  Speed  Mechanics, 

Tohoku  University  1*0  mm  X  80  mm  shock  tube.  Incident  shock  Mach  number  range 
was  from  l.Oh  to  h.O  for  nitrogen  or  dry  air  as  test  gas  at  initial  pressure  of 
3  <  Po  <  760  torr.  Ben-Dor  (ref. 6)  has  shown  that  in  the  range  M  <6  the  initial 
pressure  does  not  influence  the  RR  MR  transition.  Consequently,  the  initial 
pressure  could  be  considered  practically  constant.  The  initial  temperature  T 
was  293  K  throughout  the  present  study.  The  shock  velocity  was  measured  with 
pressure  transducers  (Kistler  606L)  placed  120  mm  apart  just  ahead  of  the  test 
section.  The  output  signal  was  displayed  on  electronic  counters  or  a  transient 
recorder  (Iwatsu  DM  901).  A  very  good  repeatability  was  obtained,  i.e.,  the 
errors  of  shock  Mach  numbers  thus  obtained  were  ±0.5  %  for  M  <3.0  and  ±0.7  % 
for  Ms  >  3.0.  (  for  details  see  ref. 7). 

The  non-stationary  phenomena  were  recorded  using  a  300  mm  dia.  double 
exposure  holographic  interferometer  or  mainly  to  the  flat  wedge  cases  direct 
shadowgraph  technique.  A  giant-pulse  ruby  laser  with  light  pulse  width  of  about 
20  nsec  was  used  as  an  instantaneous  light  source.  In  the  case  of  the  flat 
wedge,  the  shock  transition  angles  were  determined  from  the  sequential  shadow¬ 
graphs  taken  under  the  same  initial  conditions  and  only  by  changing  the  wedge 
angle.  This  method  is  completely  powerless  to  the  truly  non-stationary  flow. 
Instead  an  Ima-Con  High  Speed  Camera  (John  Hadland  Model  790)was  used  in  the  st¬ 
reaking  mode.  In  the  streak  mode  operation,  a  curved  slit  of  0.6  mm  wide  was 
accurately  placed  on  the  test  section  window  in  a  direction  that  coincides 
exactly  with  the  curved  wedge  surface.  Especially  for  a  convex  wedge,  a  curved 
slit  of  0.7  mm  wide  was  used.  These  slits  were  used  only  for  the  curved  wedges 
with  smooth  surface  or  mesh  No.  320  surface  roughness.  However,  for  mesh  No.  h 0 
surface  roughness,  a  wider  slit  was  used  due  to  the  larger  surface  irregularity. 
Consequently,  measured  transition  angles  included  uncertainty  of  ±1.0°  for 
a  smooth  or  a  mesh  No.  320  roughness  and  ±1.5°  for  a  mesh  No.  1*0  roughness.  It 
should  be  mentioned  here  that  in  order  to  obtain  the  best  spacial  resolution 
for  determining  the  transition  point  by  means  of  streak  camera  technique  with 
curved  slits,  an  image  rotator  should  be  inserted  between  the  objective  lens 
and  the  camera. 


SHOCK  POLAR  IN  QUASI-STATIONARY  FLOWS 

It  is  of  particular  interest  to  apply  a*.  Analytical  method  using  a  shock 
polar  valid  in  quasi-3tationary  flows  (ref. 6)  to  predicting  the  shock  transition 
angle  over  a  flat  wedge  with  surface  roughness.  As  sketched  in  Fig. 3,  the 
influence  of  the  surface  roughness  is  confined  only  within  the  region  (2)  for 
RR  as  shown  in  Fig.  3(a)  and  the  regions  (2)  and  (3)  for  MR  in  Fig. 3(b). 

In  incompressible  pipe  flows,  the  coefficient  of  resistance  in  rough  pipes  is 
given  as  a  function  of  the  Reynolds  number  Re  =  ud/u,  and  roughness  k  where 
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u,  d  and  o  are  mean  velocity  ,  diameter  of  the  pipe,  and  kinetic  viscosity, 
respectively.  However,  if  the  roughness  is  so  large  that  all  protrusions  reach 
outside  the  laminar  sub-layer,  the  coefficient  of  resistance  depends  only  on 
the  roughness,  ref. 8.  Huber  and  McFarland  (ref. 9)  have  investigated  boundary- 
layer  growth  and  shock  attenuation  in  a  shock  tube  with  pyramid-shaped  surface 
roughness  and  obtained  a  reasonable  agreement  between  the  experimental  result 
and  the  analysis  using  this  relationship.  In  the  non- stationary  shock  tube  flow 
surface  roughness  brings  about  increase  of  not  only  the  additional  wall  skin 
friction  but  also  the  wave  drag.  However,  the  mechanism  of  momentum  loss  or 
others  is  still  far  from  being  completely  understood. 


Fig. 3  Sketch  of  shock 
diffraction  over  a 
flat  wedge  with 
surface  roughness 


Therefore,  for  simplicity  it  is  assumed  here  that  the  influence  of  surface 
roughness  is  independent  of  Re  and  the  total  pressure  loss  Ap  due  to  surface 
roughness  is  described  Ap  =  f(k,C)(pj-P2)  where  pj,2  are  pressure  ahead  of 
and  behind  the  shock  waves,  respectively,  and  £  is  the  inverse  pressure  ratio. 
This  relation  is  combined  with  the  R-H  relations  for  oblique  shock  waves  to 
the  regions  (2)  in  Fig. 3(a)  RR  and  (2,3)  in  Fig. 3(b)  MR.  f(k,£)  will  be  deter¬ 
mined  from  the  experimental  data  and  is  assumed  as  follows; 


f(k,£)  =  A(l-£)n 


(1) 


where  A  =  A(k)  is  a  constant  showing  a  magnitude  of  surface  roughness,  and  n  is 
also  a  constant  to  be  determined  from  the  experimental  data.  The  R-H  relations 
for  the  incident  shock  I  are  common  with  Eqs.  (2.1)— (5?.U)  or  Eqs.  (2.17)-(2.20) 
of  ref. 6. 
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and  are  enthalpy  in  region  (i),  flow  velocity  in 
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region  fi) ,  density  in  region  (i ),  deflection  angle  from  its  original  direction 
while  entering  region  (i),  and  incident  angle  between  shock  and  flow  in 
regionv  i) ,  respectively.  The  boundary  conditions  areas  following: 
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for  RR  in  Fig. 3(a) 


9  =  -9  for  RR  in  Fig. 3(a)  (10a) 

(10b) 

For  an  ideal  and  perfect  gas,  Eqs.(2)-(5)  can  be  reduced  to  the  following 


p  =  p,8  =  0  ±0  for  MR  in  Fig. 3(b) 

2  3  3  1  2 


1-  £ 


tan02  = 
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where  Mj  is  Mach  number  in  region  (l)  which  was  defined  by  Eq.(2.12)  of  ref. 6. 
Eqs. (6)- (9)  can  also  be  reduced  to  Eq.(ll)  if  the  variables  are  changed  as 
Mj  ->•  M0 ,  £  -+  p0/P3,  and  02  -*■  03.  As  a  matter  of  course  this  equation  can  be 
reduced  to  Eq.(2.1l)  of  ref. 6  for  a  smooth  wedge,  f  =  0. 

Drawing  an  incident  shock  polar  I  (ref. 6)  and  then  a  reflected  shock  polar 
with  Eq.(ll),  one  can  immediately  determine  all  the  variables  in  region  (2)  of 
RR  or  those  in  regions  (2)  and  (3)  of  MR.  Consequently,  for  a  given  surface 
roughness,  i.e.  f(k,£)  or  A(k)  is  known,  the  shock  transition  criteria,  i.e.  the 
detachment  criterion  by  Von  Neuir.anh  (ref. 10)  and  mecha  .ical  equilibrium  cri¬ 
terion  by  Henderson  and  Lozzi  (ref. 11)  can  be  calculated.  It  is  found  from 
Eq.  (11)  that  with  increasing  roughness,  i.e.,  A  -*•  1,  and  the  pressure  ratio 
being  kept  constant,  the  deflection  angle  is  decreasing.  This  indicates  that 
the  critical  shock  transition  angle  becomes  small  with  increasing  roughness. 

RESULTS  AND  DISCUSSIONS 

Typical  examples  of  the  shock  diffraction  at  M  =1.1*!*  and  £  =  0.1*1*  over 
flat  wedges  with  various  surface  roughnesses  are  sBown  in  Fig.  !*(a)  and  (b) 
for  k  =  0.2  mm  and  in  Fig.  l*(c)  and  (d)  for  k  =  2.0  mm;  (a)  MR  at  0  =  32.3°, 
(b)  RR  at  0  =  1*0.6°,  (c)  MR  at  9  =  25-6°,  and  (d)  RR  at  0  =  31^6°. 
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roughness,  (a),  (b);  k  =  0.2  mm,  (c),  (d);  k  =  2.0  mm. 
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In  Fig.l  (a),(b),  growth  and  development  of  wavelets  in  regions  (2),  (3) 
are  clearly  visible.  Since  the  flow  in  the  regions  is  subsonic  the  reflected 
shock  is  a  simple  Mach  reflection  and  growth  and  decay  of  the  vortices  at  the 
edges  of  the  saw-toothed  roughness  are  seen.  These  effects  thicken  the  boundary 
layer  displacement  thickness  or  the  momentum  thickness  etc.  and  then  encourage 
the  pressure  loss  in  regions  (2),  (3).  In  Fig.i*  (c),  (d),  since  the  height  of 
roughness  is  much  larger  than  the  boundary  layer  displacement  thickness,  k  = 

2.0  mm,  edges  of  roughness  act  as  a  step  exposed  to  a  subsonic  flow  and 
detached  shock  waves  are  observable.  These  shock  waves  are  accumulated  into  the 
reflected  shock.  The  triple  point  configuration  is  still  a  simple  Mach  reflec¬ 
tion.  For  stronger  shock  waves  a  complex  or  a  double  Mach  reflection  configura¬ 
tion  can  be  seen  at  much  smaller  angles.  It  should  be  mentioned  that  wavelets 
generated  with  smaller  surface  roughness  are  good  indicators  of  disturbance 
propagation  in  regions  (2),  (3). 

The  critical  shock  transition  angle  0  .  is  determined  experimentally  by 

taking  direct  shadowgraphs  for  slightly  different  0^  and  comparing  the  triple 
point  trajectory  angle  x  against  0  in  the  similar  manner  as  Smith,  ref. 12.  A 
typical  example  is  shown  in  Fig. 5  ¥or  M  =5-3(5=  0.05)  and  U.2  (0.03),  0crj^ 
=  U2.0  ±  1.0°.  The  result  is  shown  in  Fig. 6  together  with  analytical  results 
using  a  shock  polar.  0  is  shown  against  5.  Two  criteria,  detachment  and 


{  =  0.05 


Fig.  5  Variation  of  the  triple 
point  trajectory  angle  x  vs.0w 
for  stronger  shock  waves,  5  = 
0.05  and  0.03.  Surface  rough¬ 
ness  is  0.2  mm  (  model  II  of 
Table  l). 
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o  k  s  0.1 


mechanical  equilibrium  criterion 


Fig. 6  Experi- 
ntenon  ®  ,  , 

mental  results 

of  the  shock 
transition  over 
flat  wedges 
with  surface 
A:  0.275  roughness  in 
-  0.400  (5,  e  it)-pi- 
*  0.525  Solid  lines  are 


"  -  0.675 
detachment  criterion 


detachment  and 
mechanical  equi¬ 
librium  criteria 
for  A  =  0.0, 

0.1,  0.2,  0.8, 
and  2.0  mm. 
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mechanical  equilibrium  criteria,  are 
calculated  for  each  roughness,  n  and 
A(k)  representing  a  magnitude  of  rough-, 
ness  in  Eq.(l)  are  obtained  from  best 
fit  with  the  experimental  data  for  each 
k.  It  is  found  that  n  =  7/9  independent 
of  k  and  a  good  agreement  is  obtained 
for  each  roughness  except  for  very  weak 
shock  waves.  Triangles  designate 
Smith's  experiments  for  a  smooth  flat 
wedge,  ref. 12.  In  conclusion,  the 
critical  shock  transition  angles  become 
smaller  with  increasing  surface  roughness.  Table  2  Critical  shock 
and  in  the  case  of  0.8  mm  roughness,  for  transition  angles, 

example,  0  for  stronger  shock  waves  is  about  10°  smaller  than  that  for  a 
smooth  flat  wedge.  The  result  is  tabulated  in  Table  2. 


M 

£ 

Re 

105 

9crit(deeree) 

I 

II 

III 

IV 

l.ofi- 

0.92 

0.80 

27.5 

25.0 

2it.7 

23.1 

1.12 

0.77 

2.50 

35.2 

32.1 

28.3 

25.3 

1.21 

0.65 

3.1*0 

1*0.5 

37.2 

3I+.O 

29.6 

1.1*1* 

0.1*1+ 

2.70 

1*3.7 

1*0.1 

37.2 

31.1 

T78fT 

0.26 

0.06 

1*5.8 

1*2.3 

38.8 

31.5 

3.77 

0.06 

0.03 

1*1*. 9 

1*1.9 

39.3 

33.6 

Typical  holography  interferometric  photographs  for  M  =  1.4  (£  =  0.1+)  and 
mesh  No. 1*0  roughness  are  shown  in  Fig. 7,  (a);  MR,  concaveSwedge,  (b);  RR  con¬ 
cave  wedge,  (c);  RR  convex  wedge,  (d);  MR  convex  wedge.  Figure  7(a)  is  an 
infinite  fringe  width  interferometric  photograph  while  the  others  are  finite 
fringe  width  interferometric  photographs.  Due  to  large  roughness, k  =0.61*mm  ,  the 
flows  behind  the  reflected  shock  waves  are  strongly  disturbed.  ThSe  critical 
shock  transition  angle  for  concave  wedge  is  53.5°,  and  27-0°  for  convex  wedge. 
It  should  be  mentioned  that  in  Fig. 7(b),  a  normal  shock  wave  still  exists 
behind  the  regular  reflected  shock  wave  and  this  fact  indicates  that  the  MR  -*• 
RR  transition  over  a  concave  wedge  with  mesh  No.  1*0  roughness  obeys  the  process 
of  inverted  Mach  reflection,  see  ref. 13.  6^  . ,  for  the  curved  wedge  cases  can 
be  determined  easily  and  accurately  by  usingstreak  camera  technique  with 
curved  slits.  Typical  examples  are  shown  in  Fig. 8, (a);  M  =  1.1*,  concave  wedge 
with  mesh  No. 320  roughness,  (b);  Mg  =  1.3,  convex  wedge  with  mesh  No. 320 
roughness,  where  I,  R,  MS,  and  SL  designate  incident  shock  wave,  reflected 
shock  wave,  Mach  stem  and  slip  line,  respectively. 


or  a  convex  wedge  with  mesh  No.  1*0  roughness. 
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Fig.  8  x-t  diagrams  of  MR  -*■  RR  or  RR  -+  MR  transition  over  a  concave  or  a  convex 
wedge  with  mesh  No.  320  roughness,  (a);  concave  wedge,  (b);  convex  wedge. 

If  the  shock  diffraction  process  is  observed  through  a  curved  slit,  it  can 
be  easily  seen  that  in  the  MR  -*•  RR  transition  the  trajectory  of  the  first  Mach 
stem  M  splits  into  those  of  I,  R,  MS,  and  SL  at  the  transition  point  T,  while 
in  the  RR  ->  MR  transition  the  trajectories  of  I  and  R  intersect  at  T  and  turn 
into  MS  and  SL  at  T.  Therefore, the  transition  point  T  can  be  easily  recognized; 
for  more  details  see  ref.k.  The  influence  of  mesh  No. 320  roughness  is  almost 
unnoticeable  while  as  seen  in  Fig. 7,  mesh  No.Uo  roughness  has  a  significant 
effect  on  the  flow  behind  the  reflected  shock  wave,  i.e.,  on  the  shock  transi¬ 
tion  angle. 


Figure  9  represents  the  present  experimental  result.  The  solid  line  A  and 
B  correspond  to  RR  -*•  MR  and  MR  -*■  RR  criteria,  detachment  and  mechanical  equi¬ 
librium  criteria,  respectively.  Dashed  line  A'  and  B'  also  correspond  to  those 
of  imperfect  nitrogen,  p  =15  torr  and  T  =  300  K,  ref. 1. Solid  line  C  and  D 
represent  the  result  for  quasi-stationary  flows  with  k  =  0.2  mm  and  0.8  mm. 


Fig. 9  Present  experi¬ 
mental  results  of  the 
MR  -*•  RR  and  RR  -*■  MR 
transition  in 

(5’  6crit)  "  pl- 
Solid  line  A,B; 

detachment  and 
mechanical equilibrium 
criteria,  respective¬ 
ly,  dashed  line  A',B'; 
the  same  criteria  in 
imperfect  nitrogen 
and  solid  line  C  and 
D;  the  same  criteria 
for  flat  wedges  with 
0.2  mm  and  0.8  mm 
saw-toothed  roughness. 
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as  shown  in  Fig.  6,  respectively.  Since  the  equivalent  saw-toothed  roughness 
is  given  by  ks  =  1.33k,  ref.  9,  solid  lines  C  and  D  correspond  to  ks  =  0.27  mm 
and  1.07  mm,  respectively.  Experiments  were  conducted  with  three  cases,  smooth 
surface,  mesh  No.  320  roughness,  and  mesh  No.  40  roughness.  The  result  for  mesh 
No.  320  roughness  is  almost  the  same  as  that  for  a  smooth  wedge  for  all  the 
shock  Mach  numbers.  However,  the  shock  transition  angle  for  mesh  No.  40  rough¬ 
ness  is  much  smaller  than  that  for  a  smooth  surface  or  mesh  No.  320  roughness, 
except  for  very  weak  shock  waves.  It  is  expected  that  the  analytical  curve 
which  corresponds  to  mesh  No.  40  roughness  in  quasi-stationary  flows  exists 
between  curves  C  and  D.  In  conclusion,  the  shock  transition  angles  for  both 
concave  and  convex  wedges  are  decreased  with  increasing  surface  roughness  and 
this  tendency  is  prominent  for  stronger  shock  waves.  For  example,  at  about  Ms  = 
4.0  ()f  =  0.05)  the  transition  angles  for  mesh  No.  40  roughness  are  about  10° 
smaller  than  those  corresponding  to  a  smooth  surface,  and  the  MR  -*•  RR  transition 
takes  place  at  54°  (65°  for  a  smooth  concave  wedge)  while  the  RR-*MR  occurs  at 
27°  (40°  for  a  smooth  convex  wedge) . 

CONCLUSIONS 

An  experimental  investigation  of  the  shock  transition  over  flat  wedges  with 
surface  roughness  in  quasi-stationary  flows  and  the  MR-*-  RR  and  RR-*-  MR  transi¬ 
tions  over  concave  and  convex  wedges  with  surface  roughness  in  truly  non¬ 
stationary  flows  revealed  that: 

1)  As  the  surface  roughness  increases,  for  a  given  incident  shock  Mach  number 
the  wedge  angle  at  which  the  shock  transition  takes  place  decreases  in  both 
quasi-stationary  and  truly  non-stationary  flows. 

2)  For  mesh  No.  40  roughness,  it  seems  that  the  transition  angle  becomes 
independent  of  the  incident  shock  Mach  number,  i.e., 

a)  MR-*-  RR  transition  occurs  at  0W  =  54°. 

b)  RR— *- MR  transition  takes  place  at  0W  =  27°. 

3)  An  analysis  taking  into  account  the  effect  of  surface  roughness  and  using  a 
shock  polar  can  explain  the  shock  transition  phenomena  in  quasi-stationary 
flows . 
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MICROSCOPIC  STRUCTURE  OF  TRE  MACH-TYPE  REFLECTION 
OF  WEAK  SHOCK  WAVES 
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' The  purpose  of  the  present  work  was  to  investigate 
the  microscopic  structure  of  the  three-shock  inter¬ 
action  region  generated  in  a  low-density  shock  tube 
during  the  Mach-type  reflection  of  a  weak  shock  wave. 

The  experimental  conditions  corresponded  to  the  case 
when  Von  Neumann's  theory  fails  to  predict  the  exis¬ 
tence  of  reflection  while  Guderley's  theory  pre¬ 
dicts  the  presence  of  a  rarefaction  wave  behind  the 
reflected  shock.  The  experiment  shows  that  under 
such  conditions  the  Mach-type  reflection  does  exist, 
and  no  rarefaction  wave  is  present.  A  possible 
reason  for  this  disagreement  is  the  influence  of 
viscosity,  neglected  in  Von  Neumann's  and  Guderley's 
theories . ^ 

::  \ 

INTRODUCTION 

The  purpose  of  the  present  work  was  to  investigate  experi¬ 
mentally  the  Mach-type  reflection  of  weak  shock  waves  (Fig.  1). 


incident 

shock 


\  typical 
/ streamlines 


.  FIG.  1  MACH-TYPE  REFLECTION 

For  strong  shocks  this  phenomenon  is  reasonably  well  understood  in 
terms  of  the?  theory  proposed  by  Von  Neumann  (ref.  1).  In  this 
theory  the  steady  flow  of  an  ideal  gas  is  considered.  Thus  the 
shock  waves  are  considered  as  discontinuities.  Assuming  that  the 
shocks  are  planar,  the  Rankine-Hugoniot  conditions  are  obeyed  and 
the  flow  in  regions  between  the  shocks  is  uniform.  The  slipstream 
generated  behind  the  triple  point  is  thin  and  there  is  no  pressure 


The  solution  of  the  Mach  reflection  problem  is  conveniently 
illustrated  on  the  polar  diagram  in  p  -  0  coordinates  (Fig.  2) 
where  p  is  pressure  ratio  across  the  shocks  and  0  is  the  flow 
deflection  angle. 


e 


Since  at  both  sides  of  the  slipstream  behind  the  triple  point  the 
pressures  and  flow  directions  are  the  same,  the  solution  is  given 
by  the  point  of  intersection  of  the  shock  polars  for  the  incident 
and  reflected  shocks. 

When,  as  shown  in  Fig.  2a,  there  are  two  points  of  inter¬ 
section,  the  theory  fails  to  predict  which  one  gives  the  proper 
solution.  Experiments  show  that  the  point  on  the  left  hand  side 
is  the  proper  one.  If  the  Mach  number  is  decreased,  only  one 
intersection  point  may  exist  (Fig.  2b).  If  it  is  placed  at  the 
right-hand  side  of  the  reflected  shock  polar  the  theory  predicts 
that  the  reflected  shock  wave  is  inclined  upstream  as  shown  in 
Fig.  2b. 

For  even  weaker  shocks  there  may  be  no  intersections  of  the 
shock  polars  at  all,  and  according  to  Von  Neumann's  theory  there 
should  then  be  no  Mach  reflection  (Fig.  2c).  For  this  situation 
Guderley  (ref.  2)  proposed  a  solution  assuming  that  behind  the 
reflected  shock  a  rarefaction  wave  was  generated,  thereby  equi¬ 
librating  the  pressures  at  both  sides  of  the  slipstream.  The 
reflected  shock  in  this  case  should  also  be  inclined  forward  and 
strongly  curved  in  the  vicinity  of  the  triple  point.  The  above 
mentioned  rarefaction  wave  as  well  as  the  forward  inclined  reflected 
shock  wave  have  not  been  observed  experimentally.  It  was  suggested 
that  they  should  not  be  noticed  with  the  conventional  optical  tech¬ 
niques  because  of  the  small  dimensions.  However,  some  investigators 
(ref.  3)  argues  that  no  rarefaction  or  strong  shock  curvature 
actually  would  exist  at  low  densities  since  all  such  effects  would 
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be  masked  by  viscous  effects.  To  know  the  actual  situation  it  was 
necessary  to  perform  suitable  experiments  under  low  density  con¬ 
ditions,  with  the  linear  scale  expanded  sufficiently  so  that  the 
necessary  details  of  the  triple  point  region  were  visible. 

EXPERIMENT 

The  experiments  were  performed  in  a  low-density  shock  tube 
250  mm  in  diameter  and  17  meters  long  (ref.  4).  The  ordinary  dia¬ 
phragm  was  replaced  by  a  steel  plate  with  a  20-mm  opening  closed 
by  an  electromagnetically  driven  valve.  The  valve  required  about 
four  milliseconds  to  open  completely.  This  device  made  it  possible 
to  generate  very  weak  shock  s  since  the  driver  pressure  could  be 
made  arbitrarily  low.  To  measure  the  velocity  of  very  weak  shocks 
two  electron  guns  working  on  the  beam  attenuation  principle  were 
used.  The  first  electron  gun  was  also  used  to  trigger  the  measur¬ 
ing  equipment,  while  the  second  was  used  for  the  actual  recording 
of  the  density  profiles.  With  this  equipment  it  was  possible  to 
study  shocks  down  to  Mach  number  Ms  =  1.1  at  the  initial  pressure 
of  0.2  mm  Hg  in  Argon. 

To  maintain  the  planarity  of  the  flow,  a  rectangular  "cookie 
cutter"  was  placed  in  the  test  section  of  the  tube  (Pig.  3). 


A' A 


Inside  this  cookie  cutter  a  25-degree  wedge  was  placed.  The  wedge 
could  be  shifted  in  the  direction  parallel  to  the  tube  axis.  The 
density  measuring  electron  beam  was  perpendicular  to  the  tube  axis 
and  parallel  to  the  wedge  surface.  To  avoid  the  influence  of  the 
sidewall  boundary  layer,  both  the  beam  injecting  needle  and  the 
collector  cup  protruded  deep  into  the  test  section.  In  order  to 


Walenta 


(338| 

obtain  the  reference  time  a  laser  differential  interferometer  was 
used,  placed  perpendicular  to  the  electron  beam  in  the  test  section. 
The  signal  from  this  interferometer  was  recorded  simultaneous] y 
with  the  signal  from  the  electron  gun. 

In  a  single  run  it  was  possible  to  obtain  the  density  distri¬ 
bution  along  a  straight  line  parallel  to  the  trajectory  of  the 
triple  point  (Pig.  5).  To  obtain  the  whole  density  field  it  was 
necessary  to  superimpose  the  results  taken  from  several  runs  at 
various  positions  of  the  wedge.  Such  a  superposition  was  possible 
due  to  very  good  repeatability  of  the  runs.  The  scatter  of  the 
shock  speed  was  ±  1% .  To  obtain  the  triple  point  trajectory  angle, 
for  each  Mach  number  two  sets  of  runs  were  taken  with  the  beam 
placed  at  two  different  positions  with  respect  to  the  tube  axis. 

The  conditions  of  the  experiments  are  summarized  in  Tabie  I. 

Table  I 


Experiment 

I 

II 

Test  gas 

Argon 

Argon 

Initial  pressure 

0.250  mm  Hg 

0.250  mm  Hg 

Initial  mean  free  path 

0.218  mm 

0.215  mm 

Driver  gas 

Nitrogen 

Nitrogen 

Driver  pressure 

200  mm  Hg 

100  mm  Hg 

Shock  Mach  number 

1.28 

1.14 

Wedge  angle 

250 

25° 

The  experimental  conditions  correspond  to  the  case  of  no  Inter¬ 
section  of  the  shock  polars.  Hence  the  rarefaction  wave  and  the 
strongly  curved  reflected  shock,  inclined  forward,  should  be? 
present . 

RESULTS 

The  results  of  the  experiments  are  presented  in  Figs.  4-6. 
Figures  4  and  5  show  the  positions  of  the  inflection  points  of  the 
density  distribution  curves  Inside  the  shocks  for  Mach  numbers 
Ms  =  1.28  and  Ms  =  1.14,  respectively.  For  Ms  =  1.28  the  reference 
time  was  taken  from  the  interferometer.  For  Ms  =  1.14  the  position 
of  the  incident  shock  was  taken  as  the  reference  point  since  the 
signal  from  the  Interferometer  was  too  weak  in  that  case.  From 
these  figures  it  is  evident  that  in  the  cases  studied: 

1.  in  the  vicinity  of  the  triple  points  no  curvature  of  the 
reflected  shock  can  be  noticed. 

2.  the  reflected  shocks  are  inclined  backwards,  contrary  to 
the  prediction  of  Von  Neumann’s  and  Guderley's  theories. 

Figure  6  shov/s  four  oscilloscope  traces  taken  in  Experiment  II  at 
the  beam  locations  indicated  in  Fig.  5.  Figure  6a  shows  the  inci¬ 
dent  and  reflected  shocks  separated  by  a  relatively  long  plateau. 
Figure  6b  shows  both  shocks  very  close  to  each  other.  Figure  6c 
shows  only  the  Mach  stem.  None  of  these  records  shows  any  indica¬ 
tion  of  rarefaction  waves. 
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FIG.  4  POSITION  OF  THE  INFLECTION  POINTS 
OF  THE  DENSITY  DISTRIBUTION  CURVES 


FIG.  S  POSITION  OF  THE  INFLECTION  POINTS 
OF  THE  DENSITY  DISTRIBUTION  CURVES 
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CONCLUSIONS 

The  reported  experiments  give  some  insight  into  the  details 
of  the  flow  in  the  region  of  interaction  of  three  shocks  in  Mach- 
type  reflection  for  weak  incident  shocks.  The  results  are  con¬ 
trary  to  the  predictions  obtained  on  the  basis  of  Von  Neumann's 
theory  (reflected  shock  inclined  forward)  and  Guderley's  theory 
(rarefaction  wave  behind  the  reflected  shock).  A  possible  expla¬ 
nation  is  that  both  theories  assume  inviseid  flow,  while  viscosity 
probably  has  strong  influence  on  the  flow  in  the  vicinity  of  the 
triple  point  at  low  Mach  numbers.  An  adequate  theory  of  the 
phenomenon  is  still  lacking. 
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The  effects  of  vibrational  excitation  on  shock-wave 
transitions  of  weak  spherical  N-waves  were  investigated  for 
overpressures  below  100  Pa.  The  spherical  N-waves  were  gen¬ 
erated  by  using  sparks  and  exploding  wires  as  sources  in  a 
still-air  dome  of  40-m  diam.  The  pressure  profiles  of  the 
'  N-waves  were  observed  by  using  high-frequency  microphones, 
which  were  located  at  several  positions  (10-30m)  from  the 
source.  It  was  found  that  the  measured  risetimes  of  the 
fj-yiaves  for  overpressures  of  5-30  Pa  and  half-duration  of 
50-120  ysec  were  much  shorter  than  the  risetimes  estimated 
from  the  theory  of  plane,  fully-dispersed  waves  with  vibra¬ 
tional  excitation  of  oxygen.  In  order  to  clarify  the  real- 
gas  effects  on  the  risetimes  V  weak  spherical  N-waves,  the 
compressible  Navier-Stokes  equations  were  solved  numerically, 
including  vibrational-relaxation  relations  for  oxygen,  using 
a  pressurized  air-sphere  explosion  as  a  model.  By  employing 
the  random-choice  method  (RCM)  with  an  operator-splitting 
technique,  the  effects  of  artificial  viscosity  appearing  in 
finite-difference  schemes  were  eliminated  and  accurate  pro¬ 
files  of  shock  transitions  were  obtained.  A  slight  random¬ 
ness  in  the  variation  of  the  shock  thickness  remains.  It  is 
shown  that  a  computer  simulation  is  possible  by  a  proper 
choice  of  the  initial  parameters  to  obtain  the  variations 
of  the  N-wave  overpressure  and  half-duration  with  distance 
from  the  source.  The  calculated  risetimes  are  also  shown 
to  simulate  both  spark  and  exploding-wire  data.  It  was 
found  that  both  the  duration  and  the  attenuation  rate  of 
a  spherical  N-wave  are  important  factors  which  control  its 
risetime,  in  addition  to  the  vibrational  relaxation  times 
of  oxygen. 


INTRODUCTION 


\» 


The  pressure  waves  generated  by  supersonic  transport  aircraft  (SST)  and 
from  explosions  in  air  are  often  observed  as  weak  N-waves  far  from  the  source. 
Such  pressure  waves  are  heard  as  sonic  booms.  The  loudness  of  these  waves 
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depend  on  their  maximum  overpressures  and  risetimes  (Ref.  1).  The  N-waves  with 
short  risetimes  are  perceived  as  louder  and  more  startling  than  the  ones  with 
long  risetimes.  As  a  consequence  N-wave  risetimes  were  investigated  exten¬ 
sively  (Refs.  2,3,4).  However,  the  observed  SST  risetimes  were  found  to  be 
larger  than  those  which  were  estimated  from  classical  theory  for  viscous  shock 
structures  of  steady,  plane  waves  (Ref.  5) . 

This  discrepancy  was  attributed  mainly  to  the  effects  of  atmospheric  tur¬ 
bulence  (Refs.  6,7,8)  and  real-gas  effects  arising  from  the  vibrational  excita¬ 
tion  of  the  oxygen  and  nitrogen  air  molecules  (Refs.  9,10).  However,  the 
decisive  factor  for  this  increased  risetime  was  still  in  question.  Consequent¬ 
ly,  the  effects  of  vibrational  excitation  on  shock-wave  transitions  of  weak 
spherical  N-waves  were  investigated  for  overpressures  below  100  Pa  from  both 
experimental  and  analytical  considerations.  The  pressure  profiles  of  spherical 
N-waves,  which  were  generated  by  sparks  and  exploding-wires  in  a  still-air  dome 
(Ref.  11)  were  compared  with  numerical  results,  which  were  obtained  by  solving 
the  compressible  Navier-Stokes  equations  with  vibrational -relaxation  relations 
for  oxygen.  For  this  purpose  the  random-choice  method  (RCM)  was  used  with  an 
operator-splitting  technique. 

The  risetime  is  defined  as  the  time  interval  for  the  overpressure  to  vary 
from  10%  to  90%  of  its  peak  value.  Figure  1  illustrates  the  definition  of 
N-wave  risetime  tr  and  its  half-duration  td. 


t 


SPARK  AND  EXPLODING-WIRE  EXPERIMENTS 

The  purpose  of  these  experiments  was  to  generate  weak,  fully-developed 
N-waves  with  overpressures  below  100  Pa  in  air,  which  would  have  interference- 
free  shock  fronts.  This  was  accomplished  by  using  sparks  and  exploding  wires 
(Ref.  11).  The  dome  containing  the  UTIAS  air  cushion  vehicle  (ACV)  circular- 
track  facility  was  used  as  a  still-air  reservoir  for  part  of  the  experiments. 
Its  major  internal  diameter  is  about  42.7m.  This  provided  waves  free  from 
interference  with  walls  and  other  objects. 

For  detecting  weak  shocks  in  the  overpressure  range  5-100  Pa,  a  condensor 
microphone  was  used  [Bruel  8  Kjaer  (B§K)  4135  free  field  6.3mm  (l/4in)  diamj . 
Amplification  of  the  microphone  signal  was  provided  by  a  preamplifier  B&K  2619, 
and  a  power  supply  B§K  2807.  The  response  of  the  microphone  system  was  tested 
in  the  UTIAS  Travelling-Wave  Sonic-Boom  Simulator  (Ref.  12).  When  measuring 
without  its  protective  grid  at  zero  angle  of  incidence,  the  microphone  has  an 
approximate  minimum  risetime  tr  =  2.9  usee.  The  oscilloscopes  used  were 
Tektronix  types  555  and  535  with  a  type  D  plug-in  that  has  a  bandwidth  better 
than  300  KHz.  The  microphone  was  calibrated  with  a  B^K  Pistophone  type  4220, 
which  gives  a  sound  pressure  level  at  250  Hz  of  124  dB. 

In  the  first  series  of  experiments,  sparks  were  used  as  a  source  of 
N-waves.  The  sparks  were  generated  by  the  energy  release  from  a  charged  7.5  uF 
capacitor.  The  maximum  charging  voltage  was  8  KV  and  the  discharge  device  was 
a  thyratron.  A  microphone  was  placed  ahead  of  the  measuring  microphone  in 
parallel  to  get  the  trigger  signal  for  the  oscilloscope.  The  source  and  the 


Figure  1.  Definitions  of  N-wave 
risetime  tr,  half  duration  td,  and 
overpressure  Ap  as  functions  of 
time  t. 
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microphones  were  set  up  at  1.8m  above  the  floor  to  avoid  distorted  recordings 
by  the  measuring  microphone  due  to  reflected  signals. 

Fairly  extensive  measurements  were  done  by  using  sparks  at  temperatures 
of  273-277  K  and  relative  humidities  of  50-73%.  Six  source-receiver  distances, 
4.1m,  4.9m,  9.8m,  15.6m  and  21.6m,  were  employed  with  four  different  charging 
voltages  of  4.4  KV,  5.0  KV,  5.4  KV  and  6.0  KV.  This  series  of  measurements  is 
termed  Series-I.  Another  series  of  measurements  (Series-II)  was  also  done  at 
a  temperature  of  289  K  and  the  relative  humidity  of  50%  for  the  distance  range 
of  11.8  -  19.0m  and  a  charging  voltage  of  4.4  KV. 

Exploding  wires  were  used  to  produce  N-waves  by  replacing  the  resistor  in 
the  spark  circuit  by  a  thin  nickel  wire  0.125  mm  diam  and  optimum  length  of 
5  cm  (Ref.  11).  The  sudden  discharge  of  energy  vapourized  the  wire.  The  ex¬ 
pansion  of  the  metal  vapour  generated  an  N-wave  in  the  far  field.  The  measure¬ 
ments  were  done  at  two  conditions  for  Series  III  (Tj  =  277  K,  RH  =  75%,  R  = 
27.6m,  S  =  4.6  KV,  6.0  KV) ,  and  for  Series  IV  (Tj  =  280  K,  RH  =  87.5%,  R  = 

24.3m,  29.3m,  S  =  4.6  KV,  6.0  KV) ,  where  Tj  is  the  room  temperature,  RH  the 
relative  humidity,  R  the  distance  from  the  source  and  S  the  charging  voltage. 

The  vibrational  relaxation  times  for  oxygen  and  nitrogen  were  evaluated 
by  using  the  empirical  relation  obtained  from  the  absorption  of  sound  waves  by 
Bass  and  Shields  (Ref.  13),  as  tabulated  in  Table  1.  The  vibrational  relaxation 
times  at  room  temperature  strongly  depend  on  the  absolute  humidity  of  the 
atmosphere. 

Table  1.  Vibrational  relaxation  times  for  oxygen  (tq)  and  nitrogen  (tN) . 


Series 

Ti 

00 

RH 

C%) 

T0 

(usee) 

tN 

(msec) 

I 

SPARK 

273-277 

50-73 

14-17 

1.05-1.22 

II 

SPARK 

289 

50 

5.8 

0.52 

III 

E.W. 

277 

75 

9.1 

0.75 

IV 

E.W. 

280 

87.5 

5.7 

0.52 

Representative  oscillograms  from  sparks  and  exploding  wires  are  shown  in 
Fig.  2.  It  can  be  seen  that  both  spark  and  exploding-wire  sources  make  it 
possible  to  produce  well-established  N-waves  far  from  the  source.  In  the 
exploding-wire  experiments,  the  N-waves  were  much  cleaner  than  those  generated 
by  a  spark,  especially  with  regard  to  the  rear  shock.  It  was  found  that  the 
wire  length  L  plays  a  significant  role  in  shaping  the  rear  shock  pressure 
profile.  After  testing  several  wire  lengths,  a  wire  length  L  =  5.0  cm  proved 
to  generate  the  most  symmetrical  N-waves,  and  was  used  in  all  subsequent  runs. 
The  microphones  were  set  up  normal  to  the  wire  to  minimize  any  line-source 
effect. 

The  measured  risetimes  of  the  N-waves  for  overpressures  of  5-30  Pa  and 
half-duration  of  50-120  ys  were  much  shorter  than  the  risetimes  estimated  from 
the  theory  of  plane,  fully-dispersed  waves  with  vibrational  excitation  of 
oxygen  (Refs.  9,10).  (The  vibrational  excitation  of  nitrogen  can  be  neglected, 
since  its  relaxation  time  is  much  longer  than  the  duration  of  the  N-waves,  as 
shown  in  Tables  1  §  2.)  In  order  to  clarify  the  effects  of  vibrational  excita¬ 
tion  on  the  risetimes  of  weak  spherical  N-waves  it  was  essential  to  do  a  numer¬ 
ical  analysis. 

NUMERICAL  ANALYSIS  FOR  WEAK  SPHERICAL  SHOCK  WAVES 

The  problem  of  an  explosion  of  a  pressurized  air  sphere  with  low  pressure 
ratio  in  atmospheric  air  was  used  as  a  model  to  generate  weak  shock  waves.  The 


Weak  N-Wave  Transitions 


(345] 


Figure  2.  Spark  and  exploding-wire 
generated  N-waves. 

(a)  Series-I:  Spark,  S  =  6.0  KV, 

R  =  21.6m;  (Ap)-,ax  =  8.2  Pa,  td  = 

72  ps,  tr  =  11.9  ps. 

(b)  Series-IV:  Exploding-wire,  S  = 
6.0  KV,  R  =  29.3m;  (Ap)max  =  20.2  Pa, 
td  =  122  ps,  tr  =  15.2  ps. 


Table  2.  Data  for  the  N-waves  exhibited  in  Fig.  3 
and  the  curves  plotted  in  Figs.  4^7 


Curves 

in 

-F.i,g-3 

Curves 

in 

Figs. 4-7 

Series 

No. 

Source 

Type 

P41 

R 

0 

(cm) 

R 

(m) 

(Ap) 

*^max 

(Pa) 

Cd 

(ps) 

(us) 

(a) 

A 

II 

SPARK 

1.2 

1.8 

22.4 

5.0 

71 

6.5 

Perfect,  viscous 

(b) 

- 

I 

SPARK 

1.2 

1.8 

22.4 

4.7 

85 

7.9 

Real,  inviscid 

(c) 

C 

I 

SPARK 

2.44 

1.15 

22.4 

8.0 

83 

10.3 

Real,  viscous 

(d) 

D 

II 

SPARK 

1.8 

1.15 

22.4 

5.0 

72 

19.1 

Real,  viscous 

(e) 

E 

IV 

E.W. 

3.3 

1.8 

30.0 

13.5 

132 

20.0 

Real,  viscous 

(P41:  Initial  pressure  ratio  of  the  pressurized  air  sphere 
R0:  Radius  of  the  initial  sphere) 


analysis  aims  at  simulating  the  spark  and  exploding-wire  experiments  in  order 
to  clarify  the  effects  of  the  vibrational  relaxation  on  the  shock  structure  of 
weak  blast  waves  in  air.  The  analysis  is  based  on  the  following  assumptions, 
(a)  The  flow  is  a  nonstationary  one-dimensional  (plane  or  spherical)  viscous, 
compressible  flow,  (b)  The  viscosity  p  and  the  thermal  conductivity  X  are 
assumed  to  be  constant,  (c)  The  gas  is  air,  and  only  the  vibrational  relaxa¬ 
tion  of  oxygen  is  taken  into  account;  the  vibrational  excitation  of  nitrogen 
can  be  neglected,  (d)  the  bulk  viscosity  due  to  the  rotational  relaxation 
is  assumed  to  be  pv  =  (2/3) p. 

Then,  the  basic  flow  equations  can  be  written  as 

ISf* !?■  ( +  ?fe) c  +  a(Hi +  v  ■  “r  =  0  (1) 


P 

pu 

0 

pu 

F  = 

PU2+p 

r  . 

2pu 

E 

9  r 

(E'p)u 

9  L  51 

XT+pu2 

.  Pa. 

pua  _ 

.  0 

pu 

0 

0 

ht  -  I 

I  r 

pu2 

(Et-p)u 

Hv =  h 

2pu 

0 

hr  = 

0 

0 

pua 

X 

0 

l 

.  pt°e-al/To. 
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p  =  pRT,  E=p(/e  +  4u2^)>  e  =  j  RT  +  a 

where  a  =  0  for  plane  flows  and  a  =  2  for  spherical  flows,  P  -  density,  u  - 
velocity,  p  -  pressure,  T  -  temperature,  E  -  total  energy,  e  -  internal  energy, 
R  -  gas  constant,  o  -  vibrational  energy  for  oxygen,  oe  -  equilibrium  vibra¬ 
tional  energy  for  oxygen,  to  -  vibrational  relaxation  time  for  oxygen.  The 
harmonic  oscillator  approximation  is  applied  to  the  vibrational  energy  level. 

An  operator-splitting  technique  is  applied  to  Eq.  (1).  The  calculation 
is  carried  out  for  each  spatial  mesh  in  each  time  step  using  the  following 
procedure:  (a)  the  hyperbolic  equations  are  solved  for  an  inviscid  frozen 

plane  flow  3Ui/3t  =  -3F/3r.  (b)  The  spherical  corrections  are  made  by  using 

the  values  of  the  physical  properties  evaluated  in  the  step  (a)  3l)2/3t  = 

-a (Hi) j. (c)  The  viscous  diffusion  equations  are  solved  by  using  the  values  of 
the  physical  properties  evaluated  in  the  step  (b)  3U3/3t  =  [32/3r2+ (a/r) 3/3r]C2 
-a(Hv)2-  (d)  The  vibrational  relaxation  equation  is  solved  by  using  the  values 

of  the  physical  properties  evaluated  in  the  step  (c)  3Ui,/3t  =  (Hr) 3.  The  final 
solutions  are  obtained  in  the  step  (d) . 

The  RCM  is  applied  to  the  step  (a) ,  and  the  explicit  method  of  finite 
difference  is  applied  to  the  steps  (b)-(d).  If  one  step  is  passed  over  among 
the  steps  (b)-(d),  we  could  have  a  solution  for  a  plane  flow,  an  inviscid  non¬ 
equilibrium  flow  or  a  viscous  frozen  flow,  respectively.  These  are  termed  as 
a  plane  solution,  a  real,  inviscid  solution  and  a  perfect,  viscous  solution, 
respectively.  The  full  solution  including  both  effects  of  vibrational  excita¬ 
tion  and  viscosity  is  called  a  real,  viscous  solution. 

It  is  noted  that  RCM  is  a  numerical  method  developed  by  Glimm  (Ref.  14) , 
Chroin  (Ref.  15)  and  Sod  (Ref.  16)  for  one-dimensional  flow  problems  including 
shock  waves.  In  this  method,  a  Riemann  problem  is  solved  for  each  spatial  mesh 
in  each  time  step,  and  then  one  of  its  solutions  is  chosen  at  random  as  a  solu¬ 
tion  for  the  next  time  step  by  using  a  random  sampling  technique.  It  has  the 
great  advantage  that  shock  waves  and  contact  surfaces  appear  as  discontinuous 
surfaces  without  spreading  by  implicit  or  explicit  artificial  viscosity  in¬ 
herent  in  finite-difference  methods.  The  algorithm  developed  by  Saito  and 
Glass  (Ref.  17)  was  used  in  the  present  study.  As  a  check  on  the  method, 
perfect,  viscous,  numerical  solutions  for  an  impulsive  step  wave  were  compared 
with  Lighthill's  analytical  solutions  (Ref.  18).  Very  good  agreement  was 
obtained  thus  lending  confidence  to  the  subsequent  calculations. 

Figure  3  illustrates  typical  pressure  and  temperature  profiles  of  spheri¬ 
cal  N-waves,  which  were  computed  to  simulate  the  spark  and  exploding-wire  data. 
The  initial  conditions  Pi,!  and  R0,  the  radius  of  spherical  front  R,  the  over¬ 
pressure  (Ap)max»  the  half-duration  td  and  the  risetime  tr  are  shown  in  Table 
2.  Figures  3(a)  and  (b)  correspond  to  the  viscous,  perfect  solution  and  the 
real,  inviscid  solution,  respectively.  Figure  3(c)-(e)  correspond  to  the  real, 
viscous  solution.  Figure  3(a)-(d)  exhibit  the  spark  simulation  and  Fig.  3(e) 
shows  the  exploding-wire  simulation.  It  should  be  noted  that  the  shock-transi¬ 
tion  profiles  differ.  The  profile  of  the  perfect,  viscous  transition  [Fig. 
3(a)]  is  not  similar  to  either  profile  of  the  steady,  plane  wave  (Taylor,  Ref. 
5),  the  unsteady,  plane  wave  (Lighthill,  Ref.  18)  or  the  N-wave  for  moderate 
Reynolds  numbers  (Lighthill,  Ref.  18).  Figure  3(b)  indicates  that  the  wave  is 
a  partly  dispersed  wave  with  a  discontinuous  front,  even  though  the  steady 
plane  wave  becomes  a  fully  dispersed  wave  with  a  smooth  transition  for  the 
corresponding  overpressure  (Refs.  5,9,10).  Figures  3(c)  and  (d)  illustrate 
the  effects  of  the  oxygen  vibrational  excitation.  It  can  be  seen  in  Fig.  3(c) 
that  the  shock  transition  is  mainly  controlled  by  viscous  dissipation  owing  to 
the  long  vibrational  relaxation  time.  In  Fig.  3(d),  the  wave  front  becomes  a 
fully  dispersed  wave  for  nearly  the  same  distance  and  overpressure  as  in  Fig. 
3(c),  since  the  3(d)  relaxation  time  is  shorter  than  the  3(c).  In  Fig.  3(e), 
the  wave  front  is  also  a  fully  dispersed  wave. 


I 


(a)  Series  II  -  Spark 
perfect,  viscous. 


r\ ,  hi 


(b)  Series  I  -  Spark 
real,  inviscid. 
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The  risetimes  of  these  waves  are  much  shorter  than  the  risetimes  evalu*- 
ated  from  the  theory  of  steady,  plane  waves  for  viscous  or  dispersed  shocks. 
They  are  affected  considerably  by  the  duration  of  the  N-waves  and  the  attenu¬ 
ation  rate  of  the  maximum  overpressure,  which  is  especially  important.  In 
blast  waves,  the  maximum  overpressure  decreases  with  distance  from  the  source. 
The  rate  of  change  of  the  maximum  overpressure  depends  on  the  distance  from 
the  source  and  the  energy  of  explosion.  However,  the  shock  thickness  increases 
with  decreasing  maximum  overpressure.  The  rate  of  change  of  this  thickness  is 
finite  and  depends  on  the  maximum  overpressure,  becoming  increasingly  small  as 
the  shock  is  weakened.  If  the  attenuation  rate  of  the  maximum  overpressure  is 
very  large,  the  change  of  shock  thickness  cannot  follow  the  change  of  the  over¬ 
pressure,  and  the  shock  thickness  or  risetime  remains  short  regardless  of  the 
maximum  overpressure.  This  can  be  designated  as  the  nonstationary  effect  and 
it  complicates  the  problem.  The  transient  behaviour  of  shock  transition  must 
be  evaluated  for  each  case.  This  is  the  basic  reason  why  numerical  simulation 
is  required  for  weak  spherical  N-waves  in  order  to  evaluate  their  risetimes. 

COMPARISON  WITH  EXPERIMENTAL  DATA 

The  computer  simulation  was  carried  out  by  adjusting  the  radius  R0  of  the 
pressurized  sphere  and  the  diaphragm  pressure  ratio  P41  to  fit  the  experimental 
data  for  the  maximum  overpressure  (Ap)max  and  the  half-duration  td  of  the 
N-wave  against  the  distance  R  from  the  source.  Several  trial  calculations 
were  required  to  obtain  curves  A-E  in  Figs.  4  and  5.  The  initial  conditions 
of  these  curves  are  tabulated  in  Table  2.  It  can  be  seen  from  Figs.  4  and  5 
that  one  can  simulate  the  change  of  (Ap)max  and  td  against  R  by  a  proper 
choice  of  R0  and  Pi+j.  The  pressure  and  temperature  profiles  in  Figs.  3(a), 

(O,  (d)  and  (e)  exhibit  the  properties  to  be  found  on  curves  A,  C,  D  and  E, 
respectively,  in  Figs.  4-7. 


Weak  N-Wave  Transitions 


(349| 


Figure  5.  Half-duration  data  and  their  computer  simulation. 


In  Figs.  6  and  7,  the  risetimes  are  plotted  against  R  and  (Ap)max*  respec¬ 
tively.  Curve  A  indicates  that  the  perfect,  viscous  solution  cannot  simulate 
the  unsteady  behaviour  of  the  risetime.  Curves  C,  D  and  E  indicate  that  the 
real,  viscous  solutions  simulate  the  experimental  results  reasonably  well,  when 
one  considers  the  complexities  of  the  discharge  types.  Curves  C,  D  and  E 
almost  simulate  the  data  for  Series  I,  II  and  IV,  respectively. 

The  general  features  of  the  results  can  be  summarized  as  follows.  (1) 

The  maximum  overpressure  initially  attenuates  inversely  proportional  to  the 
radius  of  spherical  front  (Fig.  4).  However,  the  attenuation  rate  increases 
with  increasing  radius  for  weak  waves  of  overpressures  below  100  Pa.  It  is 
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mainly  controlled  by  the  energy  dissipation  due  to  vibrational  excitation  of 
air  molecules.  The  shorter  the  vibrational  relaxation  time,  the  faster  is  the 
attenuation.  The  two  series  of  spark  experiments  illustrate  this  tendency. 

(2)  The  half-duration  td  increases  with  radius  R  (Fig.  5).  Its  rate  of  in¬ 
crease  is  about  1.0  ysec/m,  which  also  simulates  the  experimental  data.  The 
increase  in  tj  is  also  attributed  to  real-gas  effects,  as  the  perfect  gas  solu¬ 
tion  does  not  give  such  an  increase  in  td.  It  may  be  attributed  to  the  differ¬ 
ence  in  the  sound  speeds  between  the  front  and  the  middle  of  the  N-wave.  (3) 

The  spark  data  and  their  simulation  for  risetime  (Fig.  7)  show  that  the  shorter 
relaxation  time  gives  the  longer  risetime  and  the  longer  relaxation  time  gives 
the  shorter  risetime.  This  tendency  is  due  to  the  nonstationary  effect.  The 
long  relaxation  time  gives  the  slow  rate  of  change  of  the  shock  thickness,  so 
that  the  risetime  remains  short  even  for  weak  waves.  (4)  The  exploding-wire 
data  and  their  simulation  show  by  comparison  with  the  spark  data  that  the 
stronger  explosion  and  the  longer  duration  give  the  longer  risetime  for  the 
same  overpressure  (Fig.  7).  This  is  again  due  to  the  nonstationary  effects. 

The  strong  explosion  gives  a  slower  rate  of  change  of  the  maximum  overpressure 
for  the  same  overpressure  (see  Fig.  6)  so  that  the  risetime  has  enough  time  to 
increase.  Furthermore,  a  longer  duration  provides  a  margin  for  increasing  the 
risetime. 

CONCLUSIONS 

It  has  been  shown  that  the  real,  viscous  solutions  for  the  risetimes  of 
weak  spherical  N-waves  can  simulate  the  spark  and  exploding-wire  data  obtained 
in  a  still-air  dome.  The  random-choice  method  (RCM)  with  an  operator-splitting 
technique  is  an  excellent  means  of  analysing  shock -wave  transitions,  including 
the  effects  of  viscosity  and  oxygen  vibrational  excitation.  It  was  shown  that 
the  duration  and  the  attenuation  rate  of  a  spherical  N-wave  are  factors  which 
control  its  risetime,  in  addition  to  the  vibrational  relaxation  times  of  the 
air  molecules.  Furthermore,  it  was  found  that  the  duration  and  the  attenu¬ 
ation  rate  are  also  affected  by  the  vibrational  excitation.  The  present  results 
on  the  transient  behaviour  of  spark  and  exploding-wire  generated  N-waves  are 
applicable  to  all  types  of  blast  waves  and  sonic  booms.  The  data  will  provide 
a  basis  for  studying  the  attenuation  and  the  risetime  of  weak  blast  waves  and 
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sonic  booms.  Finally,  it  is  doubtful  if  sparks  or  exploding  wires  can  accu¬ 
rately  simulate  the  risetime  of  actual  SST-generated  N-waves. 
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The  problem  is  the  mode  of  formation  of  the  first 
initial  regular  pattern  and  its  spacing  in  a  de¬ 
tonation  front.  It  is  generally  accepted  that 
these  patterns  are  due  to  a  selfsustaining  process 
of  formation  of  Mach  stems  by  colliding  blast 
waves  and  blast  waves  by  secondary  local  explo¬ 
sions  initiated  by  these  Mach  stems  whilst  the 
reason  for  the  very  first  explosions  and  their 
spacing  is  not  known.  It  is  shown  that  this  is 
caused  by  temperature  perturbations  as  they  are 
introduced  with  any  kind  of  ignition.  A  steady 
mode  of  perturbation  is  derived  which  initiates 
the  first  local  explosions  at  the  very  end  of  the 
combustion  zone.  They  substitute  the  unrealistic 
asymptotic  decrease.  The  concept  Is  in  agreement 
with  measurements  of  the  reaction  time  and  of  the 
spacing  of  soot  patterns.  r 
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Numerous  publications  deal  with  the  regular  patterns  observed 
in  detonations  as  corrugated  fronts  leaving  behind  regular  patterns 
of  striae,  as  well  as  cellular  patterns  drawn  by  detonations  swee¬ 
ping  along  sooted  walls.  According  to  the  common  view  the  triple 
points  of  Mach  stems  draw  the  soot  patterns.  The  Mach  stems  are 
caused  by  blast  waves  which  had  been  produced  by  pointwise  secon¬ 
dary  explosions  Initiated  by  Mach  stems.  The  production  of  the  Mach 
stems  is  a  self sustaining  process.  With  this  view  agreement  could 
be  achieved  [l]  with  the  numerous  observations  using  high  speed 
photography  or  sooted  walls. 

Yet  one  is  not  able  to  see  the  reason  for  the  mode  of  formation 
of  the  initial  pattern  and  for  the  specific  scale  of  these  patterns 
which  is  quite  independent  of  the  geometry;  that  means  it  occurs 
in  ducts  or  in  cylindrical  and  spherical  detonations  [ l] .  Looking 
at  the  experimental  results  [l»2,3»^]  with  sooted  walls  one  notices 
an  interesting  dependence  on  the  inverse  pressure  what  points  to  an 
influence  of  the  order  of  reaction.  Indeed,  on  reasons  of  nondimen¬ 
sionality  the  spacing  1  should  be  'v  Jar1,  ^Dr1  resp.  with  coefficient 
of  diffusion  D,  heat  conductivity  a  and  reaction  time  t.  D,  a  de¬ 
pend  inversely  on  the  pressure  p  and  so  does  t  in  a  second  order 
reaction.  Thus  1  is  ^  1/p.  The  second  order  was  proved  by  Kistia- 
kowsky  and  Kydd  [5]  for  H?-,  Op-mixtures.  They  are  used  in  the 
following.  £  d 

Whilst  it  is  no  problem  to  produce  perfectly  homogenous  gas  mix¬ 
tures,  the  methods  of  ignition  produce  perturbed  temperatures.  This 
suggests  to  superpose  perturbations  >  to  the  main  C.J. -temperature 
T2.  As  will  be  seen  these  perturbations  especially  are  of  influence 
at  the  end  of  the  combustion  zone.  There  the  rate  of  reaction  is 
practically  constant  [ 5]  compared  with  the  time  intervals  consi¬ 
dered  here  and  the  main  temperature  as  well  because  of  the  asympto¬ 
tic  decrease. 

For  small  perturbations  ^  one  is  therefore  inclined  to  apply  the 
equation  of  heat  conductivity  for  incompressible  media  with  cv  in¬ 
stead  of  Cp  in  kcal/m30K  owing  to  the  rapid  changes  to  be  consi¬ 
dered.  A  term  for  the  heat  production  by  reaction  has  to  be  added, 
Ucv5>,  where  U  is  the  time  factor  and  cyt^  the  heat  release.  Thus 

(1)  cyD*/dt  =  XA*  +  Ucyi> 

Since  the  combustion  is  bound  to  a  surface  the  operator  A  refers 
to  the  plane  with  coordinates  x,  y.  The  solution  is 

(2)  d  =  i}Q  £  £  sin(ox  ±  By)  exp- [(a2+B2) X  -  Uc  ]t/c 

a  B  v  v 

To  have  equally  distant  triple  points  they  must  form  equally  sided 
triangles.  Then  a/8  =  tg  60"  =  1.73**  and  a2  +  B2  =  1.33  a2  with 
a  =  2ir/l.  There  exists  a  steady  solution  if 


(3)  1.33  a2X  =  Ucy 


It  relates  the  steady  wave  length  to  the  heat  release. 
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During  the  main  part  of  combustion  where  U  is  large  the  corres¬ 
ponding  steady  wave  lengths  are  so  extremely  small  that  they  are 
irrelevant.  Approaching  the  end  of  the  combustion  zone,  however  U 
becomes  small  enough  that  1  may  correspond  to  the  spacing  of  the 
soot  patterns.  A  1%  perturbation  amplitude  raises  the  Arrhenius 
factor  by  101  at  the  end  of  the  combustion  zone  when  the  activa¬ 
tion  energy  is  57  kcal/mole  [5]  and  the  temperature  3300°K.  This 
is  equivalent  to  a  5%  richer  mixture.  Thus  the  perturbations  in 
fact  can  act  as  initial  centers  of  secondary  explosions  the  blast 
waves  of  which  form  by  collision  the  first  Mach  stems.  It  even 
makes  no  difficulty  to  see  why  in  cylindrical  and  spherical  deto¬ 
nations  the  specific  spacing  is  maintained  although  the  reacting 
surfaces  expand.  The  perturbations  exist  as  long  as  combustion 
lasts  and  correspondingly  new  explosion  centers  can  be  formed  if 
the  spacing  gets  too  large.  Thus  the  unrealistic  asymptotic  end  of 
the  combustion  zone  is  replaced  by  such  secondary  explosions  which 
use  up  the  rest  of  unburnt  gas. 

By  applying  eq.l  one  should  be  aware  that  the  presence  of  water 
vapour  reduces  the  heat  capacity  ratio  y  so  that  small  temperature 
perturbations  may  not  need  to  mean  small  density  deviations.  These 
however  occur  rapidly  enough  to  act  mainly  as  enhancement  of  the 
secondary  explosions. 

The  question  arises  why  the  steady  wave  length  is  predominant 
since  solution  (2)  admits  also  smaller  and  larger  wave  lengths. 

The  method  of  Fourier  expansion  shows  that  only  smaller  wave 
lengths  are  superposed.  Thus  the  steady  spacing  eq.3  excludes  lower 
harmonics. 

This  concept  will  be  proved  with  stoichiometric  H2-02-mixtures 
diluted  with  A  because  there  exist  for  them  once  measurements  of 
the  spacing  1  of  soot  patterns  [3,4],  secondly  because  of  kinetic 
results  on  the  C.J. -state  [6]  and  finally  on  account  of  the  said 
measurements  of  the  reaction  times  ([5]  s.  Fig.7).  These  experi¬ 
ments  use  Xe  as  diluent  but  it  was  proved  that  the  percentage  of 
Xe  has  not  the  least  Influence  furtheron  the  use  of  A  or  He  makes 
no  difference  according  to  experiments  [4],  so  that  they  also  may 
be  used  when  A  is  the  diluent.  The  measurements  are  presented  for 
a  partial  02-pressure  pg2  =  20  Torr  and  times  at  which  75%  are 
burnt.  Then  for  stoichiometric  mixtures  as  here  considered 
PH2  =  40  Torr.  On  account  of  the  second  order  reaction  these  times 
can  be  reduced  to  any  specific  C.J. -state. 

The  time  factor  U  is  determined  by  the  reaction  rate 


(4) 


U  =  -  D[H2]/dt 


Brackets  mean  concentrations  in  kmole/m3.  With  this  dimension  the 
term  Ucv  in  eqs.1,2,3  has  to  be  replaced  by  UCy.  The  rate  equation 
is 


(5) 


D[H2]/dt  =  -  2K[h21[02) 


If  the  mole  fraction  p  of  the  burnt  gas  is  introduced  and  indices 
0  mean  initial  quantities  one  becomes 
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(6) 


u  =  -[H2]0  d( 1  -  p)dt  =  +  2K[H2]0[o2]0  (1  -  p)2 


where  K  means  the  reaction  rate  constant.  To  avoid  unnecessary 
long  calculations  which  would  exceed  the  experimental  exactness, 
the  mole  change  is  neglected.  This  introduces  by  70%  A  a  deviation 
of  5 %»  The  solution  of  eq.6  then  is 


(7) 


2[02]q  Kt 


This  equation  enables  to  compute  K  with  the  experimental  data,  if 
t  is  reduced  by  the  inverse  pressure  relation  to  the  specific  C.J.- 
state.  Correspondingly  to  the  said  meaning  of  t  one  has  to  intro¬ 
duce  (1  -  p)  =  0.25.  In  table  I  one  finds  the  C.J. -states,  reduced 
times  t  and  K. 


Table  I 


C.J. -states,  corresponding  reaction 

times  t  and  reaction  rate 

constants  K. 

Mixture 

2H2+02+0.775A 

2H2+02+0.7A 

2H2+02+0.5A 

P1(atm) 

1 

1 

1 

TjCK) 

298,2 

298,2 

298,2 

P1(Kg/m5) 

1,38 

1,29 

1,06 

P2(atm) 

15,31 

16,87 

18,75 

t2(°k) 

2833 

3056 

3355 

P2(Kg/m3)  *) 

2,22 

2,13 

1,72 

D^Cm/s) 

1540 

1680 

1920 

C  (kcal/kmole, °K) *) 
v2 

4,91 

5,55 

6,24 

y2'} 

1,404 

1,385 

1,32 

c2(m/s)  *) 

959 

1012 

1169 

A2  lo\kcal/m,s,  °K) 

0,47 

0,43 

0,65 

[o2l0(kmole/m^)  at  C.J. 

0,00494 

0,0067 

0,011 

t(ps) 

0,7 

0,53 

0,316 

K  ^'^EHSIeTs1 

578 

565 

574 

*)  without  ionization  and  dissociation 

It  is  of  interest  to  determine  the  fraction  p  of  unburnt  gas  and 
the  time  t*  at  which  the  continously  burning  transforms  to  the 
point  like  burning.  This  is  done  in  table  II.  With  the  observed 
spacing  1  the  left  hand  side  of  eq.3  is  determined  and  consequent- 
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ly  Ucv.  Then  with  eq.6  (1  -  u)  can  be  determined.  It  shows  to  be 
of  the  order  0,04  so  that,  as  expected,  the  change  to  point  like 
burning  occurs  at  the  very  end  of  the  combustion  zone,  t*  is  de¬ 
termined  by  eq.7  and  table  I.  The  last  column  is  shown  for  com¬ 
pleteness,  where  the  asumption  of  constant  mole  number  introduces 
an  approximation  of  11%.  t*  fits  to  the  measured  density  profile 
[  5 1  - 


Table  II 

Calculation  of  jj. 


Mixture 


2H2+02+0.775A  2H2+02+0.7A 


2H2+02+0.5A 


1  (mm)  3*0 

1,33  a2X(kcal/m3,s,°K)  274 
1  -  V  0,03 

T* ( us )  6 


1,7  0,9 

771  4216 


0,037  0,05 

4  2 


A  Mach  stem  is  produced  if  the  two  intersecting  shocks  of  finite 
strength  form  an  angle  of  80°  [l].  This  means  that  the  points  of 
intersection  should  gather  on  lines  which  have  an  inclination  of 
50°  to  the  direction  of  propagation.  Actually  they  always  gather 
on  lines  with  30°  inclination  (!]•  The  same  inclination  is  ob¬ 
tained  If  one  superposes  transversally  the  C.J.  speed  of  sound  C2 
to  the  detonation  velocity  D<j  [1]  what  shows  that  the  point  like 
burning  should  be  an  explosion  rather  than  a  detonation. 

An  inclination  of  30°  instead  of  50°  means  that  the  explosion 
does  not  occur  at  the  point  of  intersection  but  with  a  time  lag  so 
that  the  intersecting  waves  can  form  the  wanted  angle  (s.  Fig.l). 

In  fact.  It  cannot  start  at  the  Intersection  point  in  default  of 
compressed  mass.  There  exists  moreover  a  time  lag  of  combustion 
which  is  difficult  to  estimate.  A  "rise  time"  of  0.7  us  [5]  was 
observed  behind  a  detonation  front  with  2H2+02+0,5Xe  at  pj=90  Torr. 
This  gives  with  1  atm  a  time  lag  of  0.083  us.  With  an  inclination 
of  30"  the  longitudinal  spacing  (s.  Fig.l)  is  12  =  1.7  1.  To  have 
an  angle  of  80®  between  the  crossing  shocks  the  explosion  center 
must  have  a  distance  h  =  0.45  mm  (s.  Fig.l)  from  the  intersection 
if  1=1  mm.  To  cross  this  distance  in  O.O83  us  which  surely  is 
too  small  for  the  present  geometry  a  velocity  of  5400  m/s  is  wan¬ 
ted.  The  velocity  of  sound  with  which  the  gas  flows  off  Is  1170  m/s 
(s.  table  I).  The  propagation  velocity  of  the  Mach  stem  therefore 
should  be  5.6  09.  This  corresponds  to  the  considerable  pressure 
ratio  36  at  the  Mach  stem  and  13  at  the  blast  waves  which  surely 
are  too  large.  At  least  one  sees  that  the  Mach  stem  can  catch  up 
the  detonation  front  and  make  it  undulated.  Another  fact  may  still 
be  noted.  The  30°  inclination  means  that  all  of  the  intersections 
as  well  as  of  the  explosion  centers  have  the  same  distance.  This 
looks  like  a  plausible  geometric  confirmation.  In  space  this  means 
that  adjacent  explosion  centers  form  octaedrons  [lj. 
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To  the  last  estimation  it  may  be  remarked  that  y  =  1.4  was 
assumed,  whilst  the  real  y  is  smaller.  This  decreases  h  and  there¬ 
fore  the  estimated  Machstem  velocity  which  is  needed  for  a  speci¬ 
fic  rise  time. 


Pig.  1 

Sequential  secondary  fronts  in  the  moment  of  Mach  stem  initiation 
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EVOLUTION  OF  SHOCK-INDUCED  PRESSURE  ON  A  FLAT-FACE/FLAT-BASE  BODY 
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The  time-dependent,  compressible  Reynolds-averaged,  Navier-Stokes  equa¬ 
tions  are  applied  to  solve  an  axisymmetric  supersonic  flow  around  a  flat- 
face/flat-base  body  with  and  without  a  sting  support.  Important  transient 
phenomena,  not  yet  well  understood,  are  investigated,  and  the  significance 
of  the  present  solution  to  the  phenomena  is  discussed.  The  phenomena, 
described  in  detail,  are  as  follows:  the  transient  formation  of  the  bow  and 
recompression  shock  waves;  the  evolution  of  a  pressure  buildup  due  to  dif¬ 
fraction  of  the  incident  shock  wave  in  the  forebody  and  afterbody  regions, 
including  the  luminosity  accompanying  the  pressure  buildup;  the  separation 
of  the  flow  as  influenced  by  pressure  buildup;  the  location  of  the  separation 
and  the  reattachment  points;  and  the  transient  period  of  the  shock-induced 
base  flow.  The  important  influence  of  the  nonsteady  (transient)  and  steady 
flow  on  the  aerodynamic  characteristics,  radiative  heat  transfer,  and,  thus, 
on  the  survivability  or  safeguard  problems  for  an  aircraft  fuselage,  missile,  or 
planetary  entry  probe  at  very  high  flight  speeds  is  described.  _ 

INTRODUCTION 

The  aerodynamic  characteristics  of  nonsteady  supersonic  flow,  especially  transient  phenomena 
in  turbulent  shock-induced  flow,  passing  over  a  blunt  body  are  not  well  understood,  even  though 
good  high-speed  photographic  techniques  have  been  applied  (refs.  1-7).  Flow  fields  generated  by 
shock  tubes,  blast  waves,  and  detonations  am  examples  of  these  shock-induced  flows.  Shock-wave 
analogy  and  blast  phenomenology  have  become  important  subjects  of  investigation,  and  scientific 
interest  in  the  effects  of  aerodynamics  and  heat  transfer  on  space  vehicles  and  missiles  has  been 
renewed  (refs.  8-1 1).  Nonsteady  phenomena,  such  as  the  development  of  bow  and  afterbody  recom¬ 
pression  shock  waves,  impact  pressure  generated  by  a  diffracted  shock  wave,  and  the  evolution  of 
separation  and  recirculation  at  the  base,  have  long  been  subjects  of  scientific  interest.  In  particular, 
the  initial  formation  of  the  separation  bubble,  which  triggers  the  base  recirculation,  has  been  a 
controversial  subject  for  several  decades  (refs.  4-5).  Most  authors  conjecture  that  the  separation 
originates  near  the  shoulder.  Extensive  theoretical  and  experimental  efforts,  however,  have  failed  to 
explain  the  separation  phenomenon.  In  addition,  there  are  characteristics  of  nonsteady  flow  (e.g., 
flow  test  time  and  transient  period)  that  are  not  well  understood. 

Recent  high-speed  computer  solutions  of  the  fluid  dynamic  equations  provide  detailed  insight 
into  the  physics  of  these  complex  unsteady  phenomena.  Computer  simulations  reveal  new  explana¬ 
tions  of  poorly  understood  experimental  results;  these  simulations  have  demonstrated,  for  the  first 
time,  the  detailed  evolution  of  shock-induced  pressure  and  afterbody  flow  separation.  This  paper 
introduces  and  describes  some  of  the  new  results  of  the  present  numerical  simulations.  A  better 
understanding  of  the  separation  and  reattachment  processes  may  make  it  possible  to  control  (e.g., 
delay  or  eliminate)  the  recirculation  wake,  which  is  a  viscous  flow  problem  of  significant  scientific 
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and  practical  importance.  Turbulent  flow  is  assumed  throughout  the  analysis  since  a  conservative  esti¬ 
mate  for  the  Galileo  probe  is  one  of  our  immediate  applications  (refs.  12,  13). 

NUMERICAL  SIMULATION 


Flow  Schematic.  Nomenclature  and  a  sketch  of  the  initial  shock  wave  passing  over  a  flat-face/ 
flat-base  body  supported  by  a  sting  are  shown  in  Figure  1 .  A  part  of  the  primary  shock  wave  at  Mach 
number  M <*,  impacts  with  and  reflects  from  the  flat  front  surface  of  the  blunt  body.  The  rest  of  the 
shock  wave  passes  over  the  cylinder,  diffracts  at  the  shoulder  and  base  stagnation  point,  and  moves 
toward  the  downstream  direction,  leaving  a  turbulent  shear  layer  in  the  wake.  The  reflected  shock 
wave,  interacting  with  the  upstream  flow,  eventually  forms  the  bow  shock  wave  ahead  of  the  blunt 
body. 
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(a)  Nomenclature  (steady  state). 


(b)  Model  geometry. 


Figure  1 .  Shock -induced  flow  schematic. 


Computational  Method.  The  computational  code  for  afterbody  flow  (ref.  9),  using  the  com¬ 
pressible  Reynolds-averaged  Navier-Stokes  equations,  has  been  modified  to  calculate  the  entire  fore- 
and-afterbody  flow  fields;  the  code  is  explicit  and  is  second-order  accurate  in  space  and  time  (unsplit, 
Richtmyer  and  Morton  method).  Front,  side,  base,  and  sting  surfaces  are  assumed  adiabatic.  Slip- 
flow  is  assumed  on  the  shock-tube  wall.  A  simple  physical  model  with  ideal  gas,  constant  eddy 
viscosity,  and  unit  Prandtl  number  ( Pr  =  1),  has  been  incorporated  in  the  calculations  to  see  the 
qualitative  effect  of  the  parameters  on  the  flow-field  solutions.  The  appropriate  value  used  for  the 
constant  eddy  viscosity  is  discussed  in  detail  in  ref.  9. 

RESULTS  AND  DISCUSSION 


Transient  Flow  (Nonsteady).  Essential  features  and  results  of  the  present  calculation  are 
described  in  the  following  sections  and  shown  in  Figures  2  through  1 1 . 

Formation  of  the  bow  shock  wave-  Evolution  of  the  shock-induced  flow  around  the  blunt 
body  is  shown  in  Figures  2(a-d).  Density  contours,  pressure  distribution  on  the  centerline,  flow 
velocity  on  the  afterbody  axis,  and  base  vorticity  distribution  at  four  different  times  are  plotted.  The 
top  row  of  Figures  2(a-d)  shows  the  computed  density  contours  for  dimensionless  times  of 
t/(R0/ci )  *  0.57,  1.12,  1.5,  and  19.5,  where  C(  is  the  upstream  speed  of  sound.  The  dotted  lines  in 
the  density  plots  represent  the  location  of  the  shock  front.  The  effects  of  compression  ahead  of  the 
body,  expansion  around  the  front  and  rear  shoulders,  recompression  near  the  base  stagnation  point 
(due  to  the  reflected  shock  wave  impinging  on  the  base  line  and  bouncing  back),  and  the  impact 
pressure  induced  by  the  diffraction  of  the  incident  shock  wave  can  be  visualized  through  the  density 
and  pressure  figures  (discussed  in  following  sections). 

Induced  peak  pressure-  The  transient  pressure  along  the  centerline  ahead  of  the  fiat  face  and 
behind  the  flat  base  are  also  shown  in  Figures  2(a-d)  for  the  same  dimensionless  times  as  the  density 
contours.  As  the  incident  shock  wave  reflects  from  the  forebody  face,  the  impact  pressure  at  the 
forebody  stagnation  point  reaches  instantaneous  values  far  above  the  steady-state  pressure  p2.  The 
diffracted  shock  wave  reaches  the  rear  centerline  at  t  =  1.12  (Fig.  2b),  and  the  pressure  builds  up  due 
to  the  impact  of  the  axisymmetric  shock  wave  with  itself  at  the  axis  (shock  reflection),  while  the 
pressure  in  the  forebody  shock  layer  reduces  to  its  asymptotic  value.  Note  the  significantly  high  peak 
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Figure  2.  Evolution  of  the  shock -induced  flow:  density  contours,  pressure  distributions  and  afterbody  flow  velocity 
on  the  axis,  and  base  vorticity.  Af,*,  =  14.5,7  =  1.15 ,RS/R0  =0,L/R0  =0.5,  and  Rw/R0  -  °°. 


pressure  behind  the  base  (Fig.  2c).  The  peak  pressure  reaches  its  maximum  value  at  t  a  1.5  (this 
corresponds  to  /  a  1 .0  of  ref.  9)  and  then  decreases  as  it  propagates  downstream. 

Formation  of  the  separation  bubble-  To  study  the  transient  forma,  ion  of  the  base  recircula¬ 
tion,  time-accurate  solutions  of  the  Navier*Stokes  equations  are  necessary.  Shown  also  in  Fig¬ 
ures  2(a-d)  are  the  flow  velocity  («)  on  the  centerline  behind  the  body  and  the  vorticity  distribution 
(w)  on  the  base.  Since  the  vorticity  is  zero  at  the  base  stagnation  point  (RS),  at  the  separation  point 
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Figure  2.  Concluded. 


(5),  and  at  the  reattachment  point  ( R ),  its  variation  can  be  used  to  indicate  initial  formation  of  recir¬ 
culation.  However,  the  vorticity  along  the  flow  axis  behind  the  body  is  zero;  hence  the  axial  flow 
velocity  is  plotted  to  determine  the  flow  direction,  magnitude,  and  the  stagnation  or  reattachment 
point. 
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No  variation  appears  in  the  velocity  plot  at  /  =  0.57  because  the  incident  shock  front  has  not 
reached  the  flow  axis,  and  the  vorticity  at  the  upper  portion  of  the  base  is  suddenly  increased 
because  of  the  diffraction  and  expansion  of  the  shock  wave  at  the  shoulder.  As  the  shock  front 
reaches  the  centerline  the  pressure  builds  up,  with  the  peak  pressure  initially  located  at  the  stagnation 
point  R  where  the  flow  is  divided  into  the  forward  and  reverse  directions.  This  point  is  at  some  dis¬ 
tance  away  from  the  base  because  the  shock  front  passing  over  the  base  surface  is  slightly  retarded  by 
the  boundary  layer  (see  Fig.  2  and  ref.  9).  A  separation  bubble  originating  at  the  centerline  of  the 
base  (5),  and  reattaching  at  the  base  stagnation  point  ( RS ),  is  shown  in  the  velocity  figure  for 
/  =  1 .12.  As  the  shock  front  moves  downstream  of  the  body,  the  location  of  the  peak  pressure  also 
moves  downstream.  The  separation  bubble  expands  outward  rapidly  as  the  base  pressure  builds  up 
and,  following  the  upstream  propagation  of  the  reflected  shock  wave,  reaches  its  steady-state  position 
slightly  below  the  shoulder.  The  reattachment  point  (R )  remains  essentially  unchanged  (see  velocity 
profiles  for  t  =  1.12,  and  1.5)  until  the  separation  bubble  reaches  this  point  and  then  approaches 
its  steady-state  position,  as  shown  in  the  velocity  plots  of  Figures  2(a-d).  Note  that  the  vorticity 
along  the  base  surface  is  positive  and  the  axial  velocity  inside  the  recirculation  region  is  negative.  The 
major  source  of  recirculation  is  on  the  centerline  behind  the  body  where  the  incident  shock  is  first 
reflected.  The  present  result  (Fig.  2)  does  not  show  that  separation  originates  from  or  near  the 
shoulder.  It  should  be  noted  here  that  some  of  our  recent  calculations  predict  the  occurrence  of  a 
small  and  slow-growing  separation  bubble  below  the  shoulder  (ref.  16).  This  bubble  is,  however, 
quickly  absorbed  by  the  major  bubble  from  downstream. 

Growth  of  separation  bubble  (separation 
and  reattachment  length )—  Shown  in  Figure  3 
are  the  transient  separation  and  reattachment 
lengths  (3cs  and  x^).  The  plot  of  xg  that  indi¬ 
cates  the  stagnation  point  of  the  incoming 
flow  remains  unchanged  for  a  short  time.  The 
separation  point,  on  the  body,  also  remains 
unchanged  until  the  base  pressure  reaches  its 
maximum  value  due  to  shock  diffraction.  The 
separation  bubble  then  rapidly  expands  to  its 
steady-state  position.  The  reattachment  point 
gradually  approaches  its  asymptotic  position 
as  the  base  pressure  increases  from  a  mini¬ 
mum  to  a  steady-state  value.  The  dashed  line 
indicates  estimated  bubble  size. 

Base  and  axial  pressure-  Figure  4  shows 
the  transient  pressure  histories  at  the  axial 
locations  x  =0, 1.0,  and  2.0.  The  sharp  rise  at 
the  beginning  of  each  figure  is  caused  by 
shock-wave  diffraction  behind  the  base.  As 
shown,  the  asymptotic  approach  of  each  tran¬ 
sient  pressure  is  different,  depending  on  its 
location.  The  results  also  show  similar 
behaviors  without  regard  to  either  its  length 
or  the  sting-to-body  ratio.  Relatively  uniform 
variation  of  base  pressure  history  is  particu¬ 
larly  useful  because  flow  staoility  time  t  can 
be  defined  from  the  result  (Fig.  4a)  by  Pg(T)/pg(°°)  as  0.9.  An  empirical  relation  for  the  flow  stabil¬ 
ity  time  has  been  obtained  previously  (ret.  9);  however,  a  universal  correlation  of  this  time  is  not  yet 
well  established. 

The  peak  pressure  at  various  locations  (described  above)  has  been  clearly  observed  in  blast-wave 
and  shock-tube  experiments  (e.g.,  refs.  9-10).  For  certain  conditions  the  afterbody  peak  pressure  is 
as  high  as  the  forebody  stagnation  pressure,  which  indicates  the  base  region  is  a  strongly  affected 
area.  A  computed  result  for  this  case  is  shown  in  Figure  5. 

Experiment:  luminosity  from  the  shock  induced  flow-  Transient  phenomena  for  shock-induced 
flow  produce  unusually  high  impact  pressures  and,  thus,  high  temperatures  in  the  regions  ahead  of 
and  behind  the  blunt  body.  Under  these  conditions,  strong  luminosity  can  be  expected  from  these 
areas.  Typical  frames  from  an  unpublished  film  taken  during  a  shock-tube  test  (ref.  14)  are  shown  in 
Figure  6.  Even  though  the  model  tested  was  different  from  that  simulated  in  the  present  calculation, 
the  transient  phenomena  are  qualitatively  substantiated  by  these  films.  The  driven  shock-tube  gas  was 
oxygen;  the  arc  chamber  gas  was  helium;  the  Mach  number  of  the  incident  shock  wave  was  about 
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Figure  4.  Transient  pressures  on  the  afterbody  axis. 
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Figure  5 .  Afterbody  impact  pressure  compared  with 
forebody  stagnation  pressure. 


~  2.8;  and  the  time  between  frames  was 
about  33  Msec.  Very  narrow,  but  highly  intense 
luminosity  from  the  strongly  compressed  gas  in 
the  forebody  shock  layer  is  clearly  shown  in 
Figure  6a.  This  picture  closely  corresponds  to 
the  conditions  described  in  Figure  2a.  A 
reduced  luminosity,  but  increased  shock-layer 
thickness,  ahead  of  the  body,  and  a  bright 
luminous  zone  far  behind  the  body,  are  noted 
in  Figure  6b.  These  effects  can  be  explained  by 
the  phenomena  discussed  in  relation  to  Fig¬ 
ure  2c.  As  the  shock  front  moves  farther  away 
from  the  body,  accompanied  by  highly  com¬ 
pressed  gases,  and  the  high  temperature  in  the 
forebody  shock  layer  decreases  toward  the 
steady-state  condition,  the  luminosity  in  the 
entire  flow  Field  changes  significantly,  as 
illustrated  in  Fig.  6c.  The  luminosity 
decreases  in  the  forebody  gas  layer  are  partly 
attributed  to  the  transient  heat  transfer  to  the 
body.  Figure  6d  shows  the  luminosity  from  the 
entire  flow  around  the  body  in  nearly  steady 
state  conditions  (comparable  with  those  in 
Fig.  2d).  Strong  radiation  from  the  gas-cap  area 
and  sizable  luminosity  from  the  recompression 
zone  are  identifiable  in  the  color  film. 

Experiment:  transient  afterbody  pres¬ 
sure -  Typical  results  of  a  shock-tube  experi¬ 
ment  are  shown  in  Figure  7.  Again,  the  purpose 
is  to  demonstrate  the  general  trend  of  unsteady 
flow,  especially  in  the  afterbody  region.  The 
test  model  is  a  blunt  body  supported  by  a 
sting;  the  ratio  of  sting  radius  to  body  radius 
is  Rs/R0  =  1/3.  The  test  facility  is  the  24-in. 
Electric  Arc  Shock  Tube  (ref.  15)  at  Ames 
Research  Center;  the  test  gas  is  air  at  a  shock- 
wave  Mach  number  Mx  =  15.  Transient  pres¬ 
sures  at  the  shock-tube  wall,  and  at  several 
locations  on  the  sting  surface  ( x/H  =  0,  1.0, 
2.0,  and  4.0)  are  shown  in  Figure  7.  Air  at 
this  test  condition  is  partially  dissociated  and 
numerical  results  obtained  for  specific  heat 
ratio  of  y  =  1 .2  are  appropriate  for  qualitative 
comparison.  The  sharp  pressure  spikes  that 
appear  at  the  beginning  of  each  photograph  in 
Figure  7  result  from  the  diffraction  of  the 
incident  shock  wave;  the  pressure  fluctuates 
around  the  asymptotic  value  in  a  way  similar 
to  that  described  in  Figure  4.  The  test  results 
(wall  pressure  in  Fig.  7a  and  the  other  test 
probes)  show  that  the  contact  surface  (or 
contaminated  gas)  arrives  approximately 
250  Msec  after  the  initial  shock,  thus  defining 
test  time  interval.  Because  the  flow  stability 
time  is  longer  (about  300  Msec)  the  test  may 
never  reach  steady  state  before  gases  contam¬ 
inate  the  flow  field. 

Formation  of  recompression  shock 
wave—  As  noted  before,  the  diffracted  shock 
wave  at  the  flow  axis  triggers  reverse  flow. 
The  separation  below  the  shoulder  is  usually 
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accompanied  by  a  lip  shock  wave;  the 
reattachment  of  the  flow  is  always  accom¬ 
panied  by  a  strong  recompression  shock  wave. 

The  evolution  of  the  recompression  shock 
wave  in  the  present  simulation  (Fig.  2),  is  not 
clearly  seen  because  of  a  restricted  computing 
domain  in  the  afterbody  region.  Another  rea¬ 
son  a  sharp  recompression  shock  is  not 
formed  near  the  reattachment  point  is  turbu¬ 
lence.  However,  the  formation  of  the  recom¬ 
pression  shock  can  be  well  demonstrated  if 
the  flow-field  solution  covers  only  the  afterbody  region,  as  shown  in  refs.  9  and  16.  A  recompression 
shock  wave  appears  inside  the  computing  zone  when  the  Mach  number  ahead  of  the  body  is  a  low 
supersonic  value. 

Steady-State  Flow.  Important  computed  steady-state  results,  including  the  influence  of  the  fore¬ 
body  on  the  afterbody  flow,  will  be  discussed  in  this  section. 

Pressure  on  the  body  surface  and  flow  axis—  Steady-state  surface  pressure  is  shown  in  Figure  8; 
the  free-stream  conditions  are  the  same  as  those  given  for  Figure  2.  The  origin  of  the  figure  is  arbi¬ 
trarily  located  at  the  base  stagnation  point.  Negative  distance  is  taken  along  the  body  surface  and 
then  upstream  of  the  body;  positive  distance  is  downstream  of  the  base.  The  bow  shock  wave  is 
located  at  about  s/R0  =  -3.1,  and  the  maximum  pressure  is  at  the  forebody  stagnation  point 
(s/R0  =  -2.5).  Surface  pressure  is  lowest  at  the  forebody  shoulder  (s/R0  =  -1 .5)  and  exhibits  a  local 
minimum  at  the  afterbody  shoulder  (s/R0  =  -1 .0).  As  pointed  out  in  the  discussion  of  Figure  2,  pres¬ 
sure  in  the  base  region  (-1 .0  <  s/R0  <  1 .0)  is  not  even  nearly  constant  for  a  body  without  sting,  as 
can  be  seen  in  Figure  8.  This  result  may  be  significant  in  that  the  radiation  from  the  surrounding 
gases  makes  a  major  contribution  to  the  base  heating,  in  addition  to  the  radiation  from  the  recom¬ 
pression  wake  region.  Note  that  the  pressure  in  the  far-wake  region  overshoots  (p  >  pt),  showing  a 
peak  near  the  neck  area,  and  then  recovers  to  the  upstream  pressure  p, .  The  formation  of  the  pres¬ 
sure  peak,  however,  depends  on  the  upstream  Mach  number,  as  will  be  shown  in  the  next  Figure. 

Forebody  flow  effect  on  the  afterbody  pressure-  There  is  noticeable  pressure  overshoot  for  a 
long  cylindrical  base  flow,  but  not  when  short  forebodies  are  used  (e.g.,  refs.  9,  1 7-19).  However,  the 

present  calculations  show  that 
the  pressure  overshoot  also 
depends  on  the  upstream  Mach 
number.  Shown  in  Figure  9  are 
pressure  distributions  along  the 
base  and  sting  surface  (p\y)  and 
pressure  distributions  along  the 
dividing  streamline  (Pp))  for  var¬ 
ious  flow  Mach  numbers.  The 
ratio  of  the  sting  radius  to  b<xly 
radius  is  Rs/R0  -  1/3.  No  signifi¬ 
cant  pressure  overshoot  appears 
below  Mach  number  3.0.  At 
Mach  numbers  greater  than  3.0, 
large  overshoots  result.  In  con¬ 
trast  to  the  steady-state  results 
shown  in  Figure  2,  the  pressure  is 
nearly  constant  in  the  base 
region  when  a  sting  is  present. 
Pressure  near  the  afterbody 
shoulder  is  low  due  to  the  sud¬ 
den  expansion  around  the  cor¬ 
ner,  but  it  increases  noticeably  as 
the  boundary-layer  separation 
occurs. 

Vorticity  distributions-  The 
vorticity  along  the  dividing 
streamline  (o>n)  and  along  the 
base-sting  surface  (coiy)  is  pre¬ 
sented  in  Figure  10.  Very  large 


(a)  (b)  (c)  (d) 


Figure  6.  Luminosity  from  transient  flow:  shock-tube 
experiment,  (a)  t  =  +0  psec;  (b)  t  =  +33  gsec; 
(c)  t  =  +100psec;(d)  t  =  +165  psec. 
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vorticity  is  generated  around  the  corners.  Three  locations  of  zero  vorticity  -  at  the  separation,  rear 
stagnation  on  the  base,  and  reattachment  points  —  are  indicated.  Positive  vorticity  indicates  recircula¬ 
tion  or  reversed  flow.  The  vorticity  distributions,  ioq  and  cj^,  are  identical  before  flow  separation 
and  after  reattachment.  The  dotted  line  in  the  figure  shows  an  interpolation  of  the  calculated  data. 
The  vorticity  oc^/,  for  a  body  without  sting,  is  identically  zero  on  the  flow  axis  because  of  the  flow 
symmetry. 


Figure  8.  Axial  and  surface  pressures.  Figure  9.  Effect  of  upstream  Mach  number  on  after¬ 

body  pressure  distribution. 


Forebody  step  flow  recirculation -  Density  contours  of  the  forebody  flow  recirculation  are 
shown  in  Figure  1 1 .  The  model  is  a  cylindrical  shell  (radius  RJ,  with  sharp  leading  edge,  supported 
by  a  larger  sting  (radius  of  R0).  The  shock  wave  inside  the  shell  is  assumed  to  be  swallowed.  The 
separation  bubble  develops  in  the  same  manner  as  described  in  the  previous  cases,  except  that  this 
time  the  bubble  originates  on  the  frontal  face  and  then  expands  onto  the  shell  surface,  advancing 
toward  the  leading  edge.  The  present  simulation  provides  a  detailed  description  of  the  complex  inter¬ 
actions  between  the  oblique  shock,  separation  shock,  expansion  wave,  recompression  shock,  and 
reflected  shock  wave  from  the  wall,  including  the  initial  pulsation  of  the  separation  jet  (ref.  16). 


D  -  ALONG  DIVIDING  STREAMLINE 
w-  ALONG  BASE  AND  STING  SURFACE 


Figure  10.  Vorticity  along  the  dividing  streamline 
and  afterbody  surface. 


Figure  1 1 .  Forebody  step  flow  (density  contours): 
Men  "30,7=  1 .4,  Rg/Ro  *  1/3,  L/R0  =  3, 

Rw/*o  ~ 
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CONCLUDING  REMARKS 

Solution  of  the  Navier-Stokes  equations  for  nonsteady  supersonic  turbulent  flow  passing  over  a 
blunt  body  has  been  obtained  under  simple  flow  model  assumptions.  The  emphasis  of  the  study  was 
on  finding  the  characteristics  of  the  solution  sential  to  understanding  the  relation  between  transient 
pressure  and  boundary-layer  separation,  which  leads  to  recirculation.  The  following  conclusions  are 
derived  from  the  solutions  for  the  chosen  geometry  (a  flat-face/flat-base  body)  and  highly  turbulent 
flow  accompanied  by  a  strong  shock  wave.  For  transient  flow: 

1 .  The  reversed  flow  induced  by  the  reflected  shock  wave  on  the  rear  flow  axis  triggers  the 
main  recirculation.  Separation  from  the  shoulder  is  considered  slow  growing  and  minor.  2.  A  separa¬ 
tion  bubble  is  generated  by  the  reflected  shock  wave  interacting  with  the  boundary  layer  on  the  base 
and  propagates  toward  upstream  direction  (it  is,  therefore,  possible  to  control  separation  by  eliminat¬ 
ing  the  reflected  shock  wave).  3.  The  transient  stagnation  pressure  on  the  forebody  can  be  far 
greater  than  the  steady-state  value  and  is  a  function  of  forebody  shape.  4.  The  transient  pressure 
behind  the  body  is  significant  and,  in  some  instances,  it  becomes  as  great  as  the  forebody  stagnation 
pressure.  Thus,  the  base  region  is  a  strongly  affected  area.  5.  The  calculated  transient  phenomena  are 
substantiated  by  shock-tube  measurements  of  transient  pressure  and  luminosity. 

For  steady-state  flow:  1.  The  appearance  of  the  pressure  overshoot  on  the  afterbody  flow  axis 
depends  on  the  forebody  length  and  upstream  Mach  number,  i.e.,  the  overshoot  disappears  as  the 
forebody  length  decreases  (from  infinitely  long  cylinder  to  flat-plate  disc).  The  overshoot,  however, 
reappears  as  the  flow  Mach  number  increases.  2.  Delayed  separation  below  the  shoulder  can  be 
readily  recognized  from  the  vorticity  distribution  curves.  3.  Radiation  heating  from  the  highly 
recompressed  wake  region  can  be  significant.  4.  The  base  stagnation  pressure  for  the  body  without 
sting  is  much  higher  than  the  pressure  in  the  base  region.  This  will  yield  higher  radiation  heating  to 
the  base. 

Body  structures,  buildings,  sensitive  instruments  imbedded  in  a  model,  and  heat  shields  on  a 
probe  can  be  seriously  damaged  by  the  blast  phenomenology.  Additional  study  of  the  base  flow, 
using  improved  models  -  for  example,  real  gas  and  variable  turbulent  viscosity  -  is  essential  to  the 
accurate  prediction  of  radiation  heat  from  the  wake  and  plume  for  very  high  speed  entry  vehicles 
such  as  the  Galileo  probe  and  various  missiles. 
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SHOCK  STRENGTH  MODIFICATION  FOR  REDUCED  HEAT  TRANSFER  TO 
LIFTING  RE-ENTRY  VEHICLES 
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Experiments Jat  typical^  liTtingjre-entry  conditions 
(6  <  Hgf<22  and  25°"<  <3 C~<r  70°)  confirm  theoretical  ’ 

predictions  that  delta  wings  and  related  vehicle  configur¬ 
ations  having  wholly  or  partly  concave  undersurfaces  (that 
is  regions  of  undersurface  anhedral)  produce  higher  C^maY, 
and  higher  Cl  at  given  L/D,  than  flat  wings  of  identical 
planform.  This  enhanced  aerodynamic  performance  derives 
from  the  strengthening  of  the  lifting  surface  shock  wave 
which  results  from  flow  containment.  ^Thgojretical  reasons 
underlying  the  predictions  are  already  published*.  ^In  this 
paper,  the  importance  of  shock  wave  stand-off  angle  is 
explained  by  reference  to  its  relationship  to  heat  transfer 
rates  and  selected  shock  and  force  data  from  hypersonic  wind 
tunnel  tests  are  presented  for  a  wide  range  of  model  plan- 
form  and  anhedral  distribution.  Available  measurements 
showing  heat  transfer  to  concave  undersurfaces  are  presented. 
Configurations  based  on  the  Space  Shuttle  orbiter  and 
concepts  for  S.S.T.O.  are  described.  For  the  Shuttle 
orbiters,  wind  tunnel  tests  on  a  low+wing  model  (LWO)  with 
moderate  dihedral  and  a  high  wing  model  (HWO)  with 
pronounced  anhedral  show  the  latter  to  offer  20%  higher 
CLmax  at  M»  -  10.  Configurations  with  anhedral  on  the  lower 
surface  but  offering  higher  values  of  (L/D)max  are  outlined 
and  experiments  to  measure  shock  wave  geometry,  re-entry 
force  data  and  re-entry  stability  for  variants  of  the 
basic  high-L/D  shape  are  presented. 

INTRODUCTION 

When  selecting  configurations  for  lifting  re-entry  vehicles,  the 
designer  may  face  conflicting  demands  for  high  lift-to-drag  ratio  and  high 
maximum  lift  coefficient.  For  given  wing  loading,  the  latter  choice  gives 
high  Cl/(W/S)  and  will  alleviate  heat  transfer,  but  at  the  expense  of  reducing 
L/D  and  re-entry  cross-range.  The  former  will  allow  long  range  and  low 
deceleration,  but  at  a  given  speed  and  wing  loading,  it  demands  a  reduced 
altitude;  it  therefore  aggravates  the  heating  problem  in  both  duration  and 
intensity.  What  is  required  is  a  body  which  offers  an  unusually  high  L/D  at 
high  Cl  together  with  as  high  Clmx  as  possible. 

*This  paper  expresses  the  opinions  o£  the  authors  and  does  not  necessarily  ~ 
represent  the  official  vi,ew  of  the  UK  Ministry  of  Defence. 
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Since  recent  American  work  in  lifting  re-entry  has  been  largely  concerned 
with  the  Space  Shuttle,  some  of  the  more  basic  research  results  have  originated 
in  Europe  and  reflect  different  conceptual  approaches,  for  examplel,  that  in 
which  "flow  containment"  is  used  to  reduce  lateral  spillage  of  undersurface 
flows  and  the  consequent  loss  of  lift  beneath  a  re-entry  vehicle.  This  use 
of  flow  containment  at  lifting  re-entry  conditions  (high  Mach  number  and  high 
angle  of  attack)  is  known^  to  produce  increased  Cl  at  given  lift-to-drag  ratio 
and  to  increase  the  value  of  CLmax  f°r  a  win8  or  lifting  body  of  given  plan- 
form.  For  example,  a  typical  set  of  data  points  is  shown  in  Figure  1,  in 
which  increasing  the  outboard  anhedral  on  wings  of  trapezoidal  planform 

improves  both  Cl  per  unit  L/D 
and  the  value  of  Cl^x  by  about 
0.02  per  degree  rise  in  ui;  indeed 
if  no  constraint  is  placed  on 
anhedral  or  planform  (and  for 
some  applications  this  is 
permissible)  the  half-elliptic 
planfor ms  in  Figure  2  give  lift 
coefficients  as  high  as  1.15, 
some  50%  higher  than  the  value 
Newtonian  aerodynamics  would 
predict  as  the  maximum  possible 
(See  footnote*) ,  and  20%  higher 
than  the  previous  published 
"record"  obtained  by  Penland2. 

For  wings  of  pure  delta  plan- 
form,  realistic  sweep  (A  *  75°) 
and  moderate  anhedral  (an 
implied  limit  of  8°<u><10°) , 
that  is  for  wings  which  are 
representative  of  realistic  aircraft,  it  is  still  found  that  the  flat  delta 
(ui  =  0°)  cannot  match  the  aerodynamics  of  its  waverider  counterpart.  Figure 
3  shows  the  aerodynamic  superiority  of  the  concave  delta  wing  at  Mach  numbers 
ranging  from  8  to  infinity,  3-7  that  is  through  the  re-entry  speed  range. 


%  % 


UI  =  0" 


UI  =  4° 


ui  =  12* 


FIG  1  Force  measurements  on  wings  of  trapezoidal  planform 
(  Mm: 9  7.  Re  =  4«105  ) 
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FIG  2.  Force  measurements  on  wings  of  half- 
elliptic  trapezoidal  and  near- delta 
planform 


FIG  3  Lift  forces  on  delta  wings  at  re-entry  conditions 
18  sMroo.v  36  7") 


*  A  caret  wing  (of  rather  extreme  shape,  i.e.  ui  *  20°)  gives  Cl . -  1.0  it 
L/Dp  a  1.0,  prior  to  shock  detachment.  A  flat  delta  obeying  the  Newtonian 
expressions  for  two-dimensional  flow  (lift  and  drag  coefficients  given  by 
2  sin2  ccl  cos  <*l  and  2  sin3  ol  respectively)  gives  a  Cl^j  of  only  0.755. 
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The  most  insnediate  advantage  of  increasing  re-entry  Cl  would  be  to  reduce 
at  a  given  flightspeed  the  rates  of  heat  transfer  (1)  at  stagnation  points 
(and  on  sides  and  upper  surfaces)  due  to  the  increase  in  flight  altitude  (at 
given  wing  loading)  and  (2)  under  the  entire  heat  shield  due  to  reduced  under¬ 
surface  local  velocities.  Alternatively,  and  subject  to  low  speed  consider¬ 
ations,  an  improved  Cl  per  unit  L/D  would  permit  a  reduction  in  wing  area, 
and  hence  in  vehicle  weight. 

The  importance  of  reducing  heat  transfer  rates  and  thereby  the  weight 
of  the  thermal  protection  system  (TPS)  can  be  gauged  from  the  fact  that  the 
Shuttle  orbiter  TPS  contributes  more  than  10  per  cent  to  the  orbiter’s  empty 
weight;  this  is  some  25  per  cent  of  the  maximum  launch  payload  and  about  50 
per  cent  of  the  maximum  re-entry  payload.  Again,  for  currently  projected  SSTO 
designs^  a  25%  reduction  in  structure  mass  per  unit  area  has  been  assumed  but 
TPS  mass  per  unit  area  has  been  taken  as  the  same  as  for  the  Space  Shuttle; 

TPS  therefore  assumes  great  importance  in  the  calculation  of  SSTO  economics, 
since  every  kilogram  of  TPS  mass  represents  payload  foregone. 

FLOWS,  FORCES  AND  HEAT  TRANSFER  ON  SIMPLE  SHAPES 

The  flows  and  pressures  beneath  flat  delta  wings  at  re-entry  conditions 
have  been  studied  for  at  least  twenty-five  years,  notably  by  Bertram  and 
Henderson^.  It  was  shown  that  the  centre-line  pressure  ratios  are  significantly 
below  two-dimensional  values,  and  that  the  shock  raves  are  weaker  (even  at 
their  strongest  point)  than  a  wedge  would  produce  -  ^ae  may  regard  this 
shortfall  in  lift  as  an  inefficiency  in  flat  delta  aerodynamic  performance, 
and  seek  to  close  the  gap  by  examining  delta  wings  having  various  forms  of 
undersurface  concavity  to  reduce  spillage,  i.e.  to  enhance  "flow  containment", 
and  so  to  preserve  as  strong  a  shock  wave  as  possible. 

The  Significance  of  Shock  Wave  Stand-off  Angle. 

In  Figure  4,  three  distinct  flow  regimes  are  shown,  in  one  or  other  of 
which  a  sharp-edged  conical  body  or  wing  will  operate  at  supersonic  speeds. 

At  hypersonic  Mach  numbers,  thin  shocklayer  theory  seems  reasonably  accurate 
in  the  second  and  third  regimes,  and  shows  that,  for  a  body  of  prescribed 

A  conical  shape,  the  curvature  of  the  shockwave 

as  it  crosses  a  plane  of  symmetry  determines 
not  only  the  shockwave  stand-off  angle,  but 
also  the  pressure,  density  and  velocity 
anywhere  in  that  plane. 


Regime  II 


If  the  initial  shockwave  curvature  is 
given  as  y£  (0)  =  -a,  Roe1-0  shows  that 
shock  stand-off  distance  and  the  postshock 
pressure  rise  are 


Regime  III 


ys  -  yb 


Ps  "  Pb 


1  -  a  -t-  a  (In  a) 

(1  -  a)2 

af*  -  6a3  +  3a2  +  2a  +■  6a2  (In  a) 
2(1  -  a)4 


in  which  equations  y  and  p  are  related  to 
physical  quantities  (i.e.  actual  distance 
FIG  4  Flow  regimes  under  o  conical  j  and  actual  static  pressure  jr)  as  follows:- 
wmg  in  supersonic  flow 
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y  =  x  e  tan  a  .  y 


P 

e 


p  +  p  U2  sin2  a  (1  +  ep) 

*oo  oo  00  r 

Y-l  +  - 1 - 

Y+l  (y+1)M^  sin2  a 


(2) 


a  =  inclination  of  a  reference  plane  lying  close  to  the  shock  layer. 


These  equations  are  especially  accurate  at  those  Mach  numbers  and  shock 
strengths  for  which  heating  will  be  most  severe  (i.e.  at  re-entry  conditions) 
and  the  parameter  (j>)  s  (71)2  is  knownl7  to  indicate  the  rate  of  laminar  heat 
transfer  if  cooling  is  by  radiation  only;  thus  in  the  above  notation. 


<pb>‘  <%>' 


-  <»„ > 


3 

u* 


sin4  a  cos2  a(l  +  e]yg- 


tan  a 


Ys 


(3) 


This  formula  contains  a  Newtonian  part  plus  a  first  order  correction  term,  the 
latter  producing  effects  which  are  strongly  related  to  the  angle  of  attack. 

For  (that  is,  for  tan2  a  =  2  or  a  -,55  degrees  according  to'iNewtonian 

theory),  the  correction  becomes  equal  to  1  -  e(13ys  -  yb  +  1)/16  which 
depends  much  more  on  ys  than  on  yf,,  so  thit  for  a  high  value  of  a;  and  for  a 
given  free-stream,  surface  temperatures  will  be  reduced  by  any  measure  which 
increases  the  shock  wave  stand-off  angle. 


In  addition,  if  two  vehicles  are  of  the  same  wing  loading,  but  at  given 
re-entry  L/D  and  cross  range  performance  they  produce  different  Cl  values 
(for  example,  since  one  is  concave),  then  in  equation  (3)  the  value  of 
will  be  lower  for  the  vehicle  with  the  higher  Cl.  Thus  where  heating  is  a 
dominant  consideration,  the  Cl^  of  re-entry  gliders  should  be  maximised  by 
appropriate  aerodynamic  design  to  provide  large  shock  stand-off  on  condition 
that  configurations  so  produced  do  not  suffer  unacceptable  weight  penalties 
due  to  special  shaping. 


In  Figure  5,  data  at  Mach  number  9.7  confirm  that  larger  shock  stand-off 
occurs  for  caret  and  other  concave  wings  than  for  flat  wings  of  like  planform. 
Some  of  these  planforms  (and  anhedral  distributions)  were  selected  for 
special  applications  and  are  unrealistic  for  aircraft  designs;  others,  however, 
were  actually  related  to  vehicle  designs  and  concepts,  and  still  demonstrate 
the  aerodynamic  merits  of  flow  containment. 


A  clear  indication  that  moderately  concave  delta  wings  will  provide 
not  only  higher  Cl  (as  shown  in  Figure  3)  but  reduced  heat  transfer  has  been 
provided^  by  Galloway,  Jeffery  and  Harvey,  who  tested  a  caret  and  a  flat 
delta  wing  at  M^  =  21  in  the  Imperial  College  Nitrogen  Tunnel.  As  seen  in 
Figure  6,  q  -  values  on  the  caret  undersurface  fell  to  significantly  lower 
levels  than  those  beneath  the  flat  delta;  in  addition  the  caret  wing  will  have 
been  producing  a, higher  Cl  at  given  angle  of  attack  and  so,  if  compared  with 
the  flat  delta  at  the  same  implied  wing  loading  (i.e.  equal  Cl),  would  be 
even  less  severely  heated  than  Figure  6  suggests. 


Some  Effects  of  Varying  Anhedral  Distribution 

For  realistic  application  of  flow  containment,  anhedral  distribution  is 
apparently  very  important  since,  if  the  central  parts  of  the  vehicle  under¬ 
surface  are  progressively  filled  in,  (1)  the  volumetric  efficiency  is  greatly 
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Undersurface  angle  of  attack  degrees 

FIG  5  Shock  wave  stand-off  angles  at  H„=9  7 


FIG  6  Heat  transfer  distributions  on  delta 

wings  Idata  by  Galloway.  Jeffery  iHcrvey11 1 


improved  in  structural  terms;  and  (2)  if  the  "pot  belly"  forces  the  shock 
wave  outwards  in  the  plane  of  symmetry,  ys  and  CLmax  can  be  increased  while 
concavity  elsewhere  on  the  undersurface  preserves  relatively  higher  values 
of  local  L/D  and  so  permits  -an  overall  improvement  in  Cl  per  unit  L/D. 


Squire  has  studied^  the  performance  of  delta  wings  as  aspect  ratio  and 
anhedral  distribution  varied,  for  Mach  numbers  3,  5  and  8  and  at  angles  of 
attack  to  some  60  degrees.  Aerodynamic  gains  of  concave  wings  are  significant 
at  both  Mach  numbers  (see  Figure  3  for  =  8  results) . 


Results  were  also  obtained  for  the  "wavy  wing"  of  Figure  7(a)  where  the 
"filling  in"  of  central  regions  has  greatly  improved  the  configurational 
acceptability  of  the  lifting  surface.  Data  were  obtained  for  Mach  number 
3.5  only,  but  a  typical  result  was  quoted  as  Cl  =  0.62  and  L/D  --  1.5,  which 
represents  a  gain  in  Cl  of  0.08  when  compared  with  a  flat  delta  of  aspect 
ratio  2/3.  This  comparison  of  shapes  producing  identical  aerodynamic 
performances  shows  the  geometric  advantage  offered  by  the  wavy  wing  but 
prompts  the  question  as  to  whether  such  advantages  are  retained  at  Mach 
numbers  at  which  lifting  re-entry  would  occur. 

Calculations  by  Roe?  suggest  that,  at  infinite  Mach  number,  a  form  of 
wavy  wing  can  offer  the  same  L/Dp  as  a  caret  wing  while  presenting  a 
substantial  reduction  in  concavity  (see  Figure  7(b)),  but  a  shock  wave  of 
increased  ys  and  hence  a  higher  Cl.  For  y  =  1.4,  the  wavy  wing  and  the 
caret  wing  produce  CL  values  of  0.72  and  0.71,  while  a  flat  delta  would 
produce  only  0.58.  It  is  .encouraging  to  find  experimental  confirmation 
from  Houwink  and  Richards^  that  partly  concave  undersurfaces  provide 
substantially  better  aerodynamic  performance  at  high  Mach  number  and  high 
angles  of  attack  than  is  obtainable  with  flat  undersurfaces  of  the  same 
planform.  For  Mach  number  15  and  Re  =  2  x  10^,  a  cone  of  9  degrees  semi¬ 
angle,  fitted  with  delta  wings  of  pronounced  anhedral  (but  with  wing  tips 
no  lower  than  the  belly  of  the  cone)  produces  a  Cl^x  of  about  0.8, 
considerably  more  than  that  of  a  flat  delta  of  similar  planform  even  though 
as  seen  in  Figure  7(c)  the  undersurface  flow  is  only  partly  contained. 
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Undersurface  angle  of  attack  °<L  degrees 

FIG  5  Shock  wave  stand-olf  angles  at  M„=9 -7 


FIG  6  Heat  transfer  distributions  on  delta 

wings  (data  by  Galloway.JefferySHarvey11 1 


improved  in  structural  terms;  and  (2)  if  the  "pot  belly"  forces  the  shock 
wave  outwards  in  the  plane  of  symmetry,  ys  and  CLmax  can  be  increased  while 
concavity  elsewhere  on  the  undersurface  preserves  relatively  higher  values 
of  local  L/D  and  so  permits  -an  overall  improvement  in  Cl  per  unit  L/D. 


Squire  has  studied^  the  performance  of  delta  wings  as  aspect  ratio  and 
anhedral  distribution  varied,  for  Mach  numbers  3,  5  and  8  and  at  angles  of 
attack  to  some  60  degrees.  Aerodynamic  gains  of  concave  wings  are  significant 
at  both  Mach  numbers  (see  Figure  3  for  M»  =  8  results) . 


Results  were  also  obtained  for  the  "wavy  wing"  of  Figure  7(a)  where  the 
"filling  in"  of  central  regions  has  greatly  improved  the  configurational 
acceptability  of  the  lifting  surface.  Data  were  obtained  for  Mach  number 
3.5  only,  but  a  typical  result  was  quoted  as  Cl  =  0.62  and  L/D  =  1.5,  which 
represents  a  gain  in  Cl  of  0.08  when  compared  with  a  flat  delta  of  aspect 
ratio  2/3.  This  comparison  of  shapes  producing  identical  aerodynamic 
performances  shows  the  geometric  advantage  offered  by  the  wavy  wing  but 
prompts  the  question  as  to  whether  such  advantages  are  retained  at  Mach 
numbers  at  which  lifting  re-entry  would  occur. 

Calculations  by  Roe?  suggest  that,  at  infinite  Mach  number,  a  form  of 
wavy  wing  can  offer  the  same  L/Dp  as  a  caret  wing  while  presenting  a 
substantial  reduction  in  concavity  (see  Figure  7(b)),  but  a  shock  wave  of 
increased  ys  and  hence  a  higher  Cl.  For  y  -  1.4,  the  wavy  wing  and  the 
caret  wing  produce  CL  values  of  0.72  and  0.71,  while  a  flat  delta  would 
produce  only  0.58.  It  is  .encouraging  to  find  experimental  confirmation 
from  Houwink  and  Richards*^  that  partly  concave  undersurfaces  provide 
substantially  better  aerodynamic  performance  at  high  Mach  number  and  high 
angles  of  attack  than  is  obtainable  with  flat  undersurfaces  of  the  same 
planform.  For  Mach  number  15  and  Re  *  2  x  10^,  a  cone  of  9  degrees  semi¬ 
angle,  fitted  with  delta  wings  of  pronounced  anhedral  (but  with  wing  tips 
no  lower  than  the  belly  of  the  cone)  produces  a  Cl^x  of  about  0.8, 
considerably  more  than  that  of  a  flat  delta  of  similar  planform  even  though 
as  seen  in  Figure  7(c)  the  undersurface  flow  is  only  partly  contained. 
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FIG  7  Effects  of  anhedral  distribution  on  the  lifting 
performance  of  delta  wings  and  cones 


These  tests  are  particularly  valuable 
since  they  were  performed  in  the  VKI 
Longshot  Tunnel  and  conditions  were 
thus  fully  representative  of  an  orbiter 
trajectory. 

The  design  of  partly  concave 
undersurfaces  as  pursued  by  Roe,  Squire, 
Richards  and  Houwink  probably  represents 
the  most  promising  approach  to  the 
achievements  of  realistic  undersurface 
shapes  for  lifting  re-entry  vehicles 
intended  to  exploit  the  aerodynamic 
advantages  of  flow  containment. 


Aerodynamic  Stability  and  Control 


The  design  of  complete  waverider  configurations  is  often  based  on 
combining  component  bodies  and  flows  which  are  individually  understood 
and  which,  having  aerodynamical ly  sharp  leading  edges  with  attached  shock 
waves,  operate  in  aerodynamic  isolation  from  each  other,  at  least  when  near 
design  conditions.  However,  at  lifting  re-entry  conditions  waveriders 
should  sometimes  operate,  on  both  heating  and  stability  considerations 
with  shock  waves  detached  from  their  leading  edgesl5,  and  Hillier  has  shown^^ 
that  the  associated  flows  may  be  predicted  and  that  tb^.  sideflows  can 
contribute  to  yaw  and  roll  stability. 
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A  vehicle  in  which  high  re-entry  Cl  and  moderate  L/D  may  combine  with 
some  inherent  stability  in  roll,  pitch  and  yaw^r?  is  shown  in  Figs. 8(a)  &  (b); 
experiments  by  Sene^  on  a  simplified  variant  have  confirmed  (see  Figure  8(c)) 
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that  shock  waves  form  as  anticipated* » ^  and  that  the  side  force  can  be  "tuned" 
by  altering  the  sideplate  area.  For  model  D,  and  conditions  near  CLmax.  side- 
force  coefficients  (see  Figure  9)  are  positive  for  angles  of  yaw  up  to  30°  (at 
least)  and  would  result  in  positive  yaw  stability  as  compared  with  model  C  and 
model  A  (no  sideplates)  for  which,  at  16°  of  yaw,  Cy  values  are  zero  and  -0.18 
respectively. 


With  regard  to  lift  and  drag,  Figure  9  shows  that  Model  D  returns  a  lower 
value  of  Cl  than  does  Model  A,  but  this  is  largely  due  to  the  inclusion  of 
sideplate  projected  planform  in  Model  D's  reference  area.  There  is  no 

evidence  that  the  sideplates 
reduce  the  lift  of  the  under¬ 
surface  or  that  flow 
containment  is  affected.  On 
the  other  hand,  sideplates 
convert  yaw  instability  to 
yaw  stability  and  greatly 
enhance  the  volumetric 
efficiency  of  related 

oi  9*~^0  *  vehicles. 
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FLOWS  AND  FORCES  ON  SHUTTLE-LIKE  CONFIGURATIONS 

For  the  Space  Shuttle  orbiter,  insistence  on  large  cylindrical  cargo 
dimensions  has  enforced  the  use  of  a  large  diameter  fuselage  which  is  mounted 
on  a  low  wing.  However,  a  high-wing  configuration  can  still  contain  the 
cargo  and  can  also  permit  substantial  anhedral  without  increasing  the  under¬ 
carriage  length  or  reducing  wing  tip  ground  clearances  at  given  landing 
attitude  (see  Figure  10).  In  comparison  with  low-wing  configurations,  the 
total  panel  area  can  actually  be  reduced-*-  and  although  the  proportion 
allotted  to  heatshield  area  will  have  risen,  an  improved  re-entry  Cl  would 
moderate  heat  transfer  rates  at  given  wing  loading  and  flight  speed.  It 
was  therefore  thought  worthwhile  to  consider  the  design  and  to  conduct  wind- 
tunnel  tests  on  a  model  of  a  "high-wing  orbiter"  (HW0) .  The  orbiter  selected 
for  modification  was  the  NASA-MSC/040A,  which  was  based  on  the  use  of 
external,  expendable  tankage  and  quite  closely  resembles  the  Space  Shuttle. 
For  this  orbiter,  the  under-carriage  was  mounted  just  outboard  of  the  fuselage 
and  for  the  high-wing  orbiter  it  was  decided  that,  for  the  given  leg  length 
and  given  wheel  positions,  the  skin  and  major  load-bearing  members  should 
remain  in  the  same  position  so  that  leg  length  would  not  be  changed.  Also, 
for  given  landing  attitude  (17  degrees)  and  for  given  clearance  between  wing 
tips  and  runway,  the  wing  tips  of  the  modified  orbiter  were  kept  at  the  same 
position  as  with  the  unmodified  040A.  Between  the  wing-tip  and  the  under¬ 
carriage  leg,  concavity  was  introduced,  permitting  the  partly  concave  contour 
shown  in  Fig. 10. 

Both  models  were  tested  at  hypersonic  speeds  by  Davies  and  Townsend*-® 

(Ha  *  8.4,  R®  »  3  x  105)  and  by  East  (Mo  =  9.7,  Re  =  4  x  10^)  ,  in  the  Gun 
Tunnel  at  Southampton  University  but  using  different  balances.  Davies  and 
Townsend  (1972)  measured  CL-values  only  and  showed  that  the  HWO  oroduces 
significantly  greater  lift  than  the  LWO  at  given  angle  of  attack*.  The  data 
obtained  more  recently  (1976)  show  that,  for  angles  of  attack  between  40 
and  50  degrees  and  at  Mach  and  Reynolds  nunfcers  of  9.7  and  4  x  10^,  the  HWO 
produces  some  20  per  cent  more  lift  than  the  LWO,  both  CLmax  and  the  value 
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of  Cl  per  unit  L/D  being  greatly  enhanced  by  anhedral  (see  Figure  11) . 

It  is  considered  that  this  approach  would  also  be  applicable  to  the 
design  of  a  re-useable  external  tank^  for  the  Space  Shuttle  or  to  an  SSTO 
vehicle  derived  from  those  of  Ref. 8. 

CONCLUSIONS 

1.  Lift  coefficients  at  least  50  per  cent  greater  than  the  maximum 
predicted  by  Newtonian  theory  are  possible  if  concavity  is  introduced  on  the 
undersurface  of  delta  and  related  wings. 

2.  For  delta  wings  of  realistic  anhedral  distribution  and  planform 

sweep,  concavity  enhances  CLmax  and  ^L  Per  unit  L/D  by  up  to  some  25  per 
cent  throughout  the  re-entry  Mach  number  range  (8  <  <  °°) . 

3.  Undersurface  heat  transfer  rates  are  substantially  reduced  by 
concavity  beneath  delta  wings  in  nitrogen  flows  of  Mach  number  21. 

A.  Regions  of  convexity  in  primarily  concave  undersurfaces  improve 
re-entry  aerodynamics  and  volumetric  efficiency. 

5.  High  wing  variants  of  the  Space  Shuttle  orbiter  give  at  least  20 
per  cent  higher  Cl^x  at  Mach  numbers  of  about  10. 

6.  High  cross-range  waveriders  may  be  possible  in  which  volumetric 
efficiency  and  aerodynamic  stability  are  improved  by  appropriate  design  of 
sidef lows . 
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A  numerical  technique  has  been  developed  for  capturing  com¬ 
plex,  nonsteady  shock  structures  in  multidimensions.  The 
technique  relies  on  moving  the  computational  mesh  with  the 
shock  wave  so  that  the  features  of  principal  interest  appear 
approximately  stationary.  The  method  has  been  implemented 
using  coordinate-split  Flux-Corrected  Transport  (FCT)  al¬ 
gorithms  which  allow  the  mesh  to  evolve  arbitrarily  with 
respect  to  the  fluid  in  each  coordinate.  The  grid  may  thus 
be  optimized  in  response  to  the  needs  of  a  given  problem. 
Synchronizing  the  grid  and  fluid  motions  permits  significant 
reduction  of  numerical  transients  and  eliminates  numerical 
diffusion.  Shocks  develop  naturally,  with  no  fitting.  The 
method  is  illustrated  by  calculating  complex,  two-dimension¬ 
al  Mach  reflection  phenomena  associated  with  airblasts  and 
shock  diffraction  on  wedges.  The  numerical  results  are  in 
good  agreement  with  available  experimental  data. 

INTRODUCTION 

Numerical  solution  of  transient  multidimensional  gas  dynamics  problems  is 
always  nontrivial.  When,  in  addition,  the  problem  involves  reflecting  super¬ 
sonic  flows,  large  variations  in  length  scales  in  both  space  and  time,  or  phe¬ 
nomena  for  which  neither  analytic  solutions  nor  detailed  experiment  ll  observa¬ 
tions  are  at  hand,  the  state  of  the  computational  art  is  challenged.  Such  a 
problem  arises  in  calculating  the  oblique  reflection  of  shocks  from  solid  sur¬ 
faces  in  planar  geometries  (e.g.  shock  tube  experiments)  or  axisymmetric  geo¬ 
metries  (e.g.  airblasts).  The  complications  arise  mainly  from  the  presence 
of  Mach  reflections  which  occur  when  a  shock  front  impinges  on  a  reflecting 
surface  at  angles  of  incidence  sufficiently  far  from  normal.  The  formation  of 
a  Mach  stem  and,  consequently,  of  a  slip  surface  intersecting  the  triple  point 
(the  confluence  of  the  incident,  Mach,  and  reflected  waves)  results  from  the 
requirement  that  the  flow  behind  the  reflected  shock  be  parallel  to  the  re¬ 
flecting  surface,  which  cannot  be  achieved  through  regular  reflection. 

Attempts  to  calculate  the  properties  of  the  flow  in  Mach  reflections  date 
back  at  least  to  von  Neumann^-  and  the  research  which  grew  out  of  the  wartime 
explosive  studies*-4.  For  the  simplest  problem,  that  of  a  planar  shock 
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reflecting  from  a  plane  surface,  Jones,  Martin,  and  Thornhill  noted  that  it 
is  possible  to  reduce  the  number  of  independent  variables  to  two  by  transform¬ 
ing  to  the  similarity  variables  x/t,  y/t,  a  device  that  was  also  used  by 
Kutler,  et  al^.  Ben-Dor?  developed  a  theory  which  used  shock  polars  to  explain 
some  of  the  features  of  this  problem,  and  solved  the  system  of  algeb  aic  -iua- 
tions  obtained  by  combining  the  jump  conditions  across  the  various  disconti¬ 
nuities  (Courant  and  Friedrichs)®  to  describe  the  flow  in  the  neighborhood  of 
the  triple  point.  To  date,  no  satisfactory  treatment  of  the  complete  flow 
field  has  been  published,  although  some  features  (like  the  shape  of  various 
waveforms)  are  quite  easy  to  model. 

In  connection  with  studies  of  both  chemical  and  nuclear  explosions  there 
have  been  many  attempts  to  model  a  spherical  blast  wave  reflecting  from  the 
ground,  the  so-called  height-of-burst  (HOB)  problem.  The  hydrodynamic  pheno¬ 
mena  in  the  two  cases  are  identical,  although  nonideal  effects  (primarily  ex¬ 
plosive  afterburn  in  the  first  instance  and  radiation  preheating  in  the  second) 
are  different.  Previous  attempts  to  model  two-dimensional  complex  shock  re¬ 
flection  have  suffered  from  restriction  to  describing  part  of  the  system,  the 
use  of  a  special  assumption  like  that  of  self-similarity,  or  less  than  satis¬ 
factory  agreement  with  experimental  data. 9 

The  calculations  discussed  here  represent  a  step  forward  in  overcoming 
these  difficulties.  They  differ  from  previous  numerical  work  in  incorporating 
two  important  computational  developments:  Flux-Corrected  Transport  (FCT)1®  and 
an  adaptive  regridding  procedure,  called  "sliding  rezore",H  which  optimizes 
the  mesh  point  distribution  and  hence  the  resolution  of  surfaces  of  disconti¬ 
nuity. 

FCT  is  a  finite-difference  technique  for  solving  the  fluid  equations  in 
problems  where  sharp  discontinuities  arise  (e.g.  shocks,  slip  surfaces  and 
contact  surfaces).  It  modifies  the  linear  properties  of  a  second-  (or  higher) 
order  algorithm  by  adding  a  diffusion  term  during  convective  transport,  and 
then  subtracting  it  out  "almost  everywhere"  in  the  antidiffusion  phase  of  each 
time  step.  The  residual  diffusion  is  just  large  enough  to  prevent  dispersive 
ripples  from  arising  at  the  discontinuity,  thus  ensuring  that  all  conserved 
quantities  remain  positive.  FCT  captures  shocks  accurately  over  a  wide  range 
of  parameters.  No  information  about  the  number  or  nature  of  the  surfaces  of 
discontinuity  need  be  provided  prior  to  initiating  the  calculation. 

The  FCT  routine  used  in  the  present  calculations,  called  JPBFCT  (an  ad¬ 
vanced  version  of  ETBFCT)1?, consists  of  a  flexible,  general  transport  module 
which  solves  1-D  fluid  equations  in  Cartesian,  cylindrical,  or  spherical  geo¬ 
metry.  It  provides  a  finite  difference  approximation  to  the  conservation  laws 
of  the  general  form: 


d  f  $dV  »  -f  4>  (u-u  )  •  dA  +  /  xdA  (1) 

at  yav(t)  J  &(t)  “*  J  <A(t) 

where  4>  represents  the  mass,  momentum,  energy  or  mass  species  in  cell  6V(t), 
u  and  u  represent  the  fluid  and  grid  velocities,  respectively,  and  t  repre¬ 
sents  tne  pressure/work  terms.  This  formulation  allows  the  grid  to  slide  with 
respect  to  the  fluid  without  introducing  any  additional  numerical  diffusion. 
Thus,  knowing  where  the  features  of  greatest  interest  are  located,  one  can 
concentrate  fine  zones  where  they  will  resolve  these  features  most  effectively 
as  the  system  evolves  (Fig.  1) . 

In  the  next  section  we  describe  the  computational  techniques  used  to  solve 
the  wedge  problem  and  present  the  results  of  four  simulations  carried  out  to 
reproduce  experimental  results  of  Ben-Dor  and  Glass.13  In  Section  III  we  pre¬ 
sent  a  parallel  discussion  for  a  HOB  calculation.  Finally,  in  Section  IV  we 
summarize  our  conclusions. 
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Fig.  1.  Adaptive  grids  for  a)  planar  shocks  on  wedge  (double  Mach  shock  fea¬ 
tures  are  indicated) ;  b)  and  c)  HOB  problem  initially  and  at  transition  point 
(grid  lines  in  fine-zone  region  are  indistinguishable) . 

SHOCK-ON-WEDGE  CALCULATIONS 

The  JPBFCT  algorithm  was  used  in  a  2-D  Cartesian  version  of  the  FAST2D  code 
to  model  the  reflections  of  planar  shocks  from  wedges  of  20°  to  60°  and  vary¬ 
ing  shock  strengths.  Four  general  classes  which  include  regular,  single,  com¬ 
plex  and  double  Mach  reflection  were  calculated  (referred  to  as  cases  a,b,c,d 
respectively).  The  bottom  of  the  mesh,  treated  as  a  reflecting  boundary, 
modeled  the  surface  of  the  wedge.  Quantities  on  the  right  hand  boundary  and 
on  the  top  were  set  equal  to  the  ambient  values.  The  remaining  boundaries  were 
treated  as  permeable.  In  the  single,  complex,  and  double  Mach  reflection 
cases,  the  mesh  was  anchored  on  the  left,  essentially  at  the  wedge  tip  where 
the  incident  shock  first  strikes,  while  the  zones  were  stretched  by  a  scaling 
factor  proportional  to  t  as  soon  as  the  reflection  region  filled  a  substantial 
portion  of  the  grid.  In  case  (d),  the  double  Mach  reflection  case,  the  open¬ 
ing  angle  is  so  small  that  the  incident  shock  has  to  traverse  many  zones 
before  the  Mach  stem  has  grown  large  enough  to  be  well  resolved.  For  this  rea¬ 
son,  the  problem  was  solved  on  a  uniform  mesh  in  the  frame  of  reference  fixed 
to  the  reflection  point,  with  stretching  being  initiated  after  the  first  Mach 
stem  reached  'u  20  cells  in  length.  The  timestep  was  recalculated  at  every 
cycle  with  a  Courant  number  of  0.5. 

Figure  2  shows  the  pressure  and  density  contours  and  the  velocity  field  for 


PRESSURE  DENSITY  VELOCITY 


•e  and  density  contours  and  flow  velocity  vectors  (in 
:ion  point)  for  planar  waves  with  Mach  number  M  reflect 
with  angle  0  for  (a)  M=2.03,  0=60°;  (b)  M=2.82,  0=20°; 
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cases  a,b,c,d.  The  pertinent  shock  phenomena  can  be  easily  identified:  inci¬ 
dent  shock,  contact  surface,  first  and  second  Mach  stems.  As  shown  in  Fig.  1, 
the  zoning  is  particularly  sparse  except  for  the  region  of  interest.  Adequate 
resolution  of  the  key  surfaces  (contact  and  second  Mach  stem)  is  obtained  with 
5  zones  in  each  direction.  The  accuracy  can  be  evaluated  by  comparing  the  ex¬ 
perimental  density  distributions  along  the  wall  (Fig.  3). 


Fig.  3.  Comparison  of  density  (in  units  of  ambient  density  p  )  for  cases  (a), 
(b),  (c),  (d)  of  Fig.  2  vs.  distance  from  corner.  Points  are  measured  values 
reported  in  Ref.  13. 


HEIGHT  OF  BURST  CALCULATIONS 

Next,  we  performed  a  numerical  simulation  of  a  1KT  nuclear  detonation  at 
31.7  m  HOB,  a  case  which  could  be  readily  compared  with  high  explosive  data.  A 
constant  ambient  atmosphere  was  used  with  a  density  of  1.22  x  10~3  g/cm1  and 
pressure  1.01  x  10 ^  dynes/ cn^.  To  relate  the  energy  and  density  to  the  pressure, 
a  real-air  equal-  on  of  star  (EOS)  was  used.  This  table-lookup  EOS  was  derived 
from  theoretical  -’-ula'  as  by  Gilmore1*’15  for  equilibrium  properties  of  air 
and  has  been  vecto*4  ed  j.„r  the  Advanced  Scientific  Computer1”.  The  internal 
energy  density  used  in  the  call  to  the  EOS  is  found  by  subtracting  kinetic 
from  total  energy;  this  can  be  negative  due  to  truncation  (phase)  errors.  When 
this  occurred,  the  value  of  the  pressure  was  reset  to  zero. 

The  transition  from  regular  reflection  to  double  Mach  reflection  occurs 
at  a  ground  range  approximately  equal  to  the  HOB.  The  size  of  the  mesh  should 
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therefore  be  roughly  twice  the  HOB  in  both  directions.  The  upper  boundary 
should  be  far  enough  away  from  the  blast  front  to  be  non-interfering.  We  chose 
boundaries  of  55  m  for  the  radial  direction  and  103.5  m  for  the  axial  direction. 
The  fine  grid  in  the  radial  direction  contained  140  out  of  200  total  zones, 
each  5  cm  in  length.  The  rightmost  zones  were  80  cm  in  length,  and  a  smoothing 
involving  40  zones  was  performed  between  the  regions  to  guarantee  that  the  zone 
sizes  varied  slowly.  In  the  axial  direction  the  fine  grid  contained  75  out  of 
150  total  zones,  each  5  cm  in  length.  Beyond  that  region  the  zones  were  geo¬ 
metrically  increased  by  a  factor  of  1.112. 

Placement  of  the  fine  grid  at  the  origin  of  the  mesh  (ground  zero,  the 
point  at  which  reflection  first  occurs)  was  determined  to  be  optimum  for  cap¬ 
turing  peak  pressure  in  the  airblast  wavefront.  Thus,  as  the  expanding  wave 
moves  along  the  ground  surface,  the  fine  grid  is  always  locked  to  it  and  each 
point  along  the  blast  front  encounters  the  same  spatial  gridding  as  it  approaches 
the  ground.  By  treating  each  point  of  the  incident  front  in  the  same  manner, 
we  insure  that  the  calculation  is  internally  consistent  and  that  the'  computed 
transition  point  is  accurate  to  within  the  limits  of  the  resolution. 

The  initialization  provides  a  strong  shock  with  approximate  Mach  number 
M=12.  This  speed  and  the  need  for  restart  capability  led  to  the  choice  of  200 
timesteps  as  an  interval  for  the  spatial  display  (snapshots).  The  dump  inter¬ 
val  that  resulted  was  At  't  0.3  milliseconds  (ms).  These  dumps  were  stored  on 
magnetic  tape  and  post-processed. 

A  fit  to  the  1-D  nuclear  blast  flow  field  (Ref.  17)  was  used  to  initialize 
the  energy  and  mass  density  and  velocity  field  at  3.76  ms.  The  corresponding 
peak  overpressure  was  113  bars.  After  the  1  KT  flow  field  was  laid  down  inside 
a  radius  of  31.6  m,  the  fine-zone  grid  was  activated  to  follow  the  peak  pressure 
as  it  moved  along  the  ground  surface,  modelled  as  a  perfectly  reflecting  bound¬ 
ary.  This  region  comprised  140  zones,  and  a  switch  was  set  to  keep  40  of  these 
zones  ahead  of  the  reflection  point.  Permeable  boundary  conditions  are  used 
on  the  top  and  right  edges  of  the  mesh,  i.e.,  density,  pressure  and  velocity 
are  set  equal  to  ambient  preshock  conditions.  Reflecting  conditions  were 
applied  to  the  left  and  bottom.  The  total  elapsed  physical  time  in  the  2-D 
calculation,  7.6  ms,  required  5600  cycles.  Times  are  referred  to  t=0  at  the 
start  of  the  calculation. 


The  numerical  simulation  begins  just  before  the  shock  first  reflects  from 
the  ground.  Fig.  4a  indicates  the  pressure  and  density  contours  and  velocity 
vectors  at  time  3.18  ms.  In  Fig.  4b  the  reflected  shock  is  shown  moving  upward, 
the  outward  flow  begins  to  stagnate  at  the  ground  (transition).  Fig.  4c,  t=5.99 
ms,  shows  an  enlargement  of  the  shockfront,  and  the  development  of  the  Mach 
stem,  slip  surface  and  second  Mach  stem.  The  angle  of  the  shock  front  with 
respect  to  the  ground  is  Increasing  with  time,  so  that  the  effective  wedge 
angle  is  decreasing.  From  Ben-Dor  and  Glass^°  one  expects  a  transition  to 
double  Mach  stem  to  occur  at  approximately  45°.  The  angle  in  Fig.  4b  is  about 
45°  and  the  shock  front  has  entered  the  transition  phase.  Figure  4d  shows  the 
fully  developed  shock  structure  at  7.79  ms.  Clearly  visible  is  the  second  Mach 
stem  and  a  vortex  region  behind  the  first  Mach  stem.  Toeing  out  of  the  first 
Mach  stem  can  be  also  seen  in  the  contours  of  Fig.  4d  and  occurs  as  the  fluid 
rolls  forward  where  the  slip  line  would  otherwise  intersect  the  ground.  The 
velocity  field  in  Fig.  4d  also  shows  this  detail. 


One  should  also  note  the  reflected  shock  properties.  The  reflected  shock 
propagates  rapidly  through  the  high  temperature  fireball,  due  to  the  high  local 
soundspeed.  The  shape  of  this  reflected  wave  is  a  primary  difference  between 
the  HOB  case  and  the  wedge  case-^.  The  other  major  difference,  of  course,  is 
the  spherically  expanding  blast  wave  which  decreases  in  strength  approximately 
proportional  to  r”  . 


(382] 


Fry  et  al. 


/- 


PRESSURE 


DENSITY 


VELOCITY 


2  IXIO' 2 


V-.'Z99*'05 


Fig.  4.  Pressure,  density,  and  velocity  fields  for  HOB  calculation  (a)  in 
regular  reflection  stage;  (b)  at  transition  to  Mach  reflection;  (c)  shortly 
afterward,  when  second  peak  has  become  larger  than  first;  and  (d)  fully  de¬ 
veloped  (note  toe  at  base  of  first  Mach  stem) . 


Finally  we  consider  the  pressure/distance  relation  for  the  HOB  case.  In 
Fig.  5  we  compare  the  results  of  the  numerical  simulation  with  the  data  of 
Carpenter  and  with  empirical  analysis.  Carpenter's  data  are  based  upon  care¬ 
ful  HOB  experiments  with  8  lb  PBX9404  spheres.  The  empirical  analysis  was 
based  on  a  1  KT  nuclear  free  air  curve  and  HOB  construction  factors.  The  cal¬ 
culated  values  in  the  regular  reflection  regime  are  20%  low  and  may  be  attri¬ 
buted  to  a  combination  of  FCT  clipping,  the  resolution  of  the  grid,  and  in¬ 
accuracies  in  the  initialization  of  the  flow  field.  During  and  after  Mach 
reflection,  the  peaks  remain  low  until  the  Mach  stem  structure  has  grown  large 
enough  to  be  resolved  on  the  mesh.  By  the  time  it  occupies  a  region  of  15  cells 
high  and  35  cells  wide,  the  peak  pressures  are  in  good  agreement  with  the  HE 
data  and  the  empirical  analysis. 
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Fig.  5.  Pressure-range  curves  for  first  and  second  (after  transition  -  denoted 
by  TP  -  to  double  Mach  reflection)  peaks. 

SUMMARY  AND  CONCLUSION 

The  complex  2-D  Mach  reflection  phenomena  associated  with  shock  diffraction 
on  wedges  and  height-of-burst  explosions  have  been  modeled  with  the  FAST2D  com¬ 
puter  code.  Four  wedge  cases — regular,  single,  complex  and  double  Mach  reflec¬ 
tion — have  been  calculated  and  the  results  compared  to  experiments.  A  nuclear 
detonation  (1  KT  at  31.7m  HOB)  was  also  simulated.  The  results  give  insight  in¬ 
to  the  formation  and  subsequent  evolution  of  the  Mach  stem,  the  triple  point 
and  the  contact  discontinuity.  The  transition  from  regular  reflection  to  double 
Mach  reflection  is  predicted.  Excellent  agreement  with  Ben-Dor's  data  is  obtained. 
We  suggest  that  the  first  signal  for  transition  is  the  appearance  of  a  second 
peak  behind  the  shock  front  due  to  stagnation  in  the  flow.  Calculated  first  and 
second  pressure  peaks  versus  distance  in  the  HOB  case  agree  both  with  the  HE 
data  and  analysis  to  within  20%. 

The  use  of  the  adaptive  regridding  procedure,  called  "sliding  rezone", along 
with  the  FCT  algorithm  allows  one  to  accurately  predict  the  nonsteady  shock 
structures  in  two  dimensions  for  diffractions  on  wedges  and  HOB  cases.  Compari¬ 
son  with  data  for  both  wedges  and  HOB  yields  the  best  results  obtained  to  date. 
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ABSTRACT 


^  Due  to  its  ability  to  produce  repeated 
cylindrical  imploding-exploding  shock  waves,  the 
cylindrical  resonator  may  reach  high  temperatures. 
The  present  investigation  was  undertaken  to  im¬ 
prove  the  performance  of  the  resonator  so  that  it 
can  produce  highly  symmetrical  shocks  for  a  wide 
range  of  jet  stagnation  pressures.  This  was 
achieved  by  increasing  the  number  of  inlets  to 
the  plenum  chamber  and  by  introducing  a  step  into 
the  jet  stream  to  maintain  the  oscillations  in  the 
subsonic  jet  range^-Using  two  dimensional  tubes, 
it  was  found  that  tyT^'-strongest  oscillations  were 
created  by  using  a  nozzle  of  at  least  5  mm  in 
width.  When  maximum  pressure  amplitude  was  ob¬ 
tained  by  varying  both  the  step  size  and  the 
width  of  the  cylindrical  cavity,  spark  schlieren 
photographs  were  taken  of  the  flow  in  the  cylin¬ 
drical  resonator  at  various  time  intervals. 

Results  showed  the  presence  of  converging  cylind¬ 
rical  shock  waves  possessing  a  high  degree  of 
circular  symmetry.  During  the  explosion  phase, 
two  pairs  of  vortices  were  seen  trailing  behind 
the  expanding  shock  as  a  result  of  its  interac¬ 
tion  with  the  transverse  waves  formed  during 
implosion.  By  insulating  the  disc  with  commer¬ 
cial  asbestos,  a  temperature  of  5008C  was 
obtained  with  a  jet  stagnation  pressure  (Poj/pa) 
of  2.04.  Higher  temperatures  may  be  reached  by 
using  different  gases  in  the  resonator  or  by 
improving  the  insulation  around  the  disc. 


t  This  work  was  supported  by  the  Natural  Sciences  and  Engineering 
Research  Council  Canada  Under  Grant  No.  A-^206 
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INTRODUCTION 

The  cylindrical  resonator  was  first  introduced  in  1974  by 
Wu  et  al1  and  consists  of  a  cylindrical  cavity  excited  by  a 
circumferential  under  -  expand ed  sonic  jet.  Its  mechanism  of 
oscillation  is  similar  to  that  of  a  Hartmann  tube2  which  is 
characterized  by  alternate  periods  of  inflow  and  outflow  but 
produces  converging  cyl indrical  shocks  as  compared  to  plane  shocks 
produced  in  a  simple  Hartmann  tube.  Once  it  is  recognized  that 
the  internally  generated  shocks  are  the  main  heat  production 
mechanism,  the  potential  of  achieving  higher  temperatures  in  a 
cylindrical  resonator  is  excellent  since  it  can  provide  stronger 
shocks  especially  near  the  center  of  collapse.  This  was  not, 
however,  well  demonstrated  with  the  model  proposed  earlier  mainly 
because  of  the  asymmetry  present  in  the  converging  shocks  which 
were  observed  only  at  a  jet  pressure  ratio  of  3.76.  The  present 
work  proposes  an  alternate  model  which  operates  at  a  wide  range 
of  jet  stagnation  pressures  and  produces  converging  shock  waves 
possessing  high  degrees  of  circular  symmetry.  Its  operation  is 
similar  to  that  of  a  Sprenger  tube3  and  therefore  operates  under 
subsonic  and  supersonic  jet  conditions.  The  detailed  dimension 
assembly  of  the  resonator  used  in  the  present  work  is  shown  in 
Figure  1.  It  consists  of  a  cylindrical  plenum  chamber  supplied 


A  PLENUM  CHAMBER 
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H  RESONATOR  DISC 
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J  OPTICAL  PATH 
K  CIRCULAR  JET 
L  PLUG 


Fig.  1  Schematic  of  cylindrical  resonator 


by  twenty  one-inch  diameter  inlets  connected  to  a  6  m3  tank 
filled  with  air  at  830  kPa  pressure.  A  narrow  slit  with  a  6  mm 
rounded  entrance  in  the  inner  wall  serves  as  a  nozzle.  The 
nozzle  jet  is  surrounded  on  one  side  by  a  disc  with  a  30  degree 
chamfer  and  on  the  other  side  by  a  plug.  The  position  of  the 
disc  and  the  plug  may  be  adjusted  by  threaded  rods  so  as  to 
control  the  width  of  the  cylindrical  cavity.  In  the  present 
apparatus,  the  plug  acts  as  a  trip  wire  (in  the  case  of  the 
Sprenger  tube)  to  weaken  the  jet  close  to  its  surface  so  that 
the  outflow  and  the  oscillations  can  be  maintained  at  subsonic 
jet  conditions.  Since  little  experimental  data  was  available 
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for  tubes  having  a  similar  configuration  it  was  therefore  first 
necessary  to  conduct  two  dimensional  tests  to  determine  under 
what  geometric  conditions  maximum  pressure  amplitudes  prevail 
and  plane  shock  waves  are  produced. 


Two  Dimensional  Tests 

The  two  dimensional  apparatus  used  in  all  tests  is  presented 
in  Figure  2.  It  consists  of  a  tube  having  a  rectangular  cross 
section  (5.1  x  25.4  mm)  and  a  nozzle  with  the  same  exit  dimen¬ 
sions.  One  tube  nozzle  side  wall  was  constructed  from  a  single 
aluminum  plate  and  the  opposite  side  wall  was  chamfered  30  degrees 
at  the  tube's  open  end.  Spark  schlieren  photographs  were  obtained 
of  the  flow  inside  and  outside  the  tube  and  piezoelectric  pres- 
ures  were  measured  at  the  closed  end  of  the  tube. 


Upper  glass 
window 


Lower  glass 
window 

h  »  Tube  nozzle  sep¬ 
aration  distance 
w  =  Nozzle  width 
S  =  Step  size 


the  2-D  tube 


For  pressure  measurements  three  series  of  tests  were  con¬ 
ducted  for  a  jet  pressure  ratio  (1.1  *  P0j/Pa  <2. 5).  The  first 
series  was  carried  out  with  variable  step  sizes,  the  second  with 
variable  tube-nozzle  separation  distance  and  the  third  one  with 
a  smaller  tube-nozzle  internal  dimensions.  The  results  obtained 
from  these  tests  indicated  that  in  order  to  achieve  maximum 
operating  conditions  with  the  two  dimensional  tube  presented  in 
Figure  2,  the  step  size  S  must  be  greater  than  5%  of  the  nozzle 
width,  the  tube-nozzle  separation  distance  h/w  must  be  within 
the  3  and  4.2  values  and  the  nozzle  width  must  be  greater  than 
5  mm  otherwise  smaller  pressure  amplitudes  will  be  obtained.  At 
optimum  operating  conditions  the  present  two  dimensional  model 
is  found  to  produce  larger  pressure  amplitudes  than  those  obtain¬ 
ed  before  with  square*  and  round5  tubes. 


Spark  schlieren  photographs  of  the  flow  interaction  outside 
the  tubes  are  presented  in  Figure  3  for  a  jet  pressure  ratio  of 
1.82.  Photograph  a  shows  the  inflow  phase  as  nearly  the  entire 
nozzle  jet  is  captured  by  the  tube.  The  transition  from  inflow 
to  outflow  takes  place  when  the  internal  shock  leaves  the  tube 
as  shown  in  photograph  b.  Photograph  c  shows  that  during  the 
outflow  phase  the  nozzle  jet  is  diverted  to  the  outside  of  the 
tube  owing  to  the  weakness  in  the  jet  downstream  of  the  step. 
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Fig.  3  Spark  schlieren  photographs  of  the  flow 
interaction  outside  the  tube. 

Photograph  d  illustrates  the  transition  to  inflow  which  occurs 
when  the  tube  jet  eventually  weakens.  Another  set  of  schlieren 
photographs  of  the  flow  inside  the  tube  is  presented  in  Figure  4 
These  photographs  show  clearly  the  presence  of  a  moderate 
strength  shock  which  maintains  its  plain  shape  as  it  propogates 
in  and  out  of  the  tube. 


Fig.  4  Spark  schlieren  photographs  of  the  plane 
shock  in  the  2-D  tube. 

From  the  two  dimentional  test  results  it  was  concluded  that 
the  present  geometric  configuration  produces  strong  oscillations, 
similar  to  or  even  better  than  those  achieved  with  any  convent¬ 
ional  tube  shape,  and  that  an  axisymmetric  model  such  as  proposed 
in  Figure  1  should,  in  principle,  yield  symmetrical  converging 
cylindrical  shocks  for  both  subsonic  and  supersonic  jets. 
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Tests  on  Cylindrical  Resonators 

These  tests  consist  of  pressure  measurements,  schlieren 
photography  and  temperature  measurements. 

i )  Pressure  Measurements 

All  pressure  measurements  were  carried  out  at  the  geometric 
center  of  the  cylindrical  cavity  by  means  of  a  Pcb  piezoelectric 
pressure  transducer (sensitive  element  5.3  mm  in  diameter)  and  were 
undertaken  to  determine  optimum  nozzle  width  and  disk  diameter. 
Optimum  step  size  and  cylindrical  chamber  width  were  obtained  by 
moving  the  plug  and  disk  simultaneously  in  the  axial  direction 
until  maximum  pressures  were  reached.  Figure  5  shows  the  pressure 


Fig.  5  Experimental  values  of 
the  pressure  amplitude 
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amplitude  variation  with  jet  stagnation  pressure  for  a  selected 
value  of  nozzle  widths  and  disk  diameters.  For  a  nozzle  width  of 
5.3  mm,  the  pressure  amplitude  is  found  to  increase  continuously 
with  jet  stagnation  pressure.  The  maximum  recorded  values  are 
found  to  occur  with  a  disk  diameter  of  75  mm.  Smaller  or  larger 
disks  are  found  to  produce  weaker  oscillations.  For  a  given  disk 
diameter,  the  highest  pressure  amplitudes  were  recorded  for  a 
nozzle  width  equal  to  or  greater  than  5.3  mm.  From  the  results 
presented  in  Figure  5,  it  was  concluded  that  the  optimum  disk 
diameter  is  75  mm  and  the  optimum  nozzle  width  is  5.3  mm  and  were 
therefore  adopted  in  all  the  following  tests. 


ii)  Schlieren  Photography 


The  schlieren  system  used  for  flow  visualization  in  the 
cylindrical  cavity,  consists  of  a  double  headed  parabolic  mirror, 
a  2-KV  spark-delay  unit,  a  knife  edge  and  a  camera.  A  set  of 
schlieren  photographs  of  the  flow  inside  the  cylindrical  cavity 
is  presented  in  Figure  6.  Photographs  a  and  b  show  the  converg¬ 
ing  cylindrical  shock  with  a  good  degree  of  circular  symmetry. 
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Fig.  6  Spark  schlieren  photographs  of  the 
cylindrical  shock 

Photographs  c  and  d  taken  during  the  explosion  phase,  show  2 
pairs  of  vortices  trailing  behind  the  shock,  indicating  the  un¬ 
avoidable  and  eventual  breakdown  in  the  shock  front  curvature  and 
the  appearance  to  triple  shocks  during  the  converging  phase  of 
the  shock  motion.6 

ii i )  Temperature  Measurements 

To  determine  the  heat  generation  capability  of  the  resonator, 
the  central  part  of  both  the  disk  and  the  plug  were  insulated 
with  commercial  asbestos.  A  0.13  mm  Chromel-Alumel  thermo-couple 
connected  to  a  digital  temperature  indicator  (Omega  Model  2809C) 
was  used  to  measure  the  maximum  steady  state  temperatures  achieved 
at  the  geometric  center  of  the  cylindrical  cavity  for  jet  stag¬ 
nation  pressures  (1.3  *  Poj/Pa  <  2.1).  The  recorded  values  are 
presented  in  Figure  7  and  shows  a  steady  increase  in  temperature 
as  the  jet  pressure  ratio  increases  to  its  maximum  possible 
reliable  limit  (Poj/Pa  =  2.1).  For  jet  stagnation  pressures 
(1.43  <  Poj/Pa  <  2.1),  the  following  linear  empirical  equation 
was  obtained 

T  =  230  +  444  (PQj/Pa  -  1.43)  9C  (1) 

At  higher  pressures  the  cylindrical  resonator  is  expected  to 
yield  higher  temperatures  as  suggested  by  the  above  equation. 

This  was  not  verified  experimentally,  due  to  the  difficulties 
encountered  in  maintaining  the  jet  pressures  long  enough  to  obtain 
a  temperature  reading. 
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Fig.  7  Equilibrium  temperature 
at  the  geometric  center 
of  the  cylindrical  cavity 


o  Experiment 
Equation 


The  present  study  has  shown  that,  it  is  possible  to  produce 
symmetrical  converging  shocks  in  a  cylindrical  resonator  provided 
that  optimum  disk  diameter  and  nozzle  width  are  employed.  In 
the  present  case,  the  highest  pressure  amplitude  was  achieved 
with  a  disk  diameter  of  75  mm  and  a  nozzle  width  of  5.3  mm.  By 
employing  a  plug,  the  resonator  was  found  to  operate  at  subsonic 
jet  conditions  thus  eliminating  its  dependence  on  the  jet  stag¬ 
nation  pressure.  For  a  given  jet  pressure,  temperatures  higher 
than  those  obtained  with  tubes  made  with  same  insulation  material 
were  achieved.  Further  tests  may  be  carried  out  in  the  future  to 
determine  the  maximum  attainable  temperature  with  a  properly 
insulated  plug  and  disk  using  Helium  as  the  jet  fluid. 
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PROPAGATION  OF  SHOCK  WAVES  THROUGH  NONUNIFORM  AND  RANDOM  MEDIA 


B.  Sturtevant,  L.  Hesselink,  B.S.  White,  V.  Kulkarny  and  C.  Catherasoo 
California  Institute  of  Technology 
Pasadena,  California  91125 


A  study  of  the  propagation  of  shock  waves  through  random 
media,  which  was  described  in  the  12th  International  Shock 
Tube  Symposium,  has  been  continued.  A  diagnostic  technique 
is  described  in  which  shadowgraph  motion  pictures  of  the 
mixing  process  induced  in  a  random  medium  by  passage  of  a 
plane  shock  wave  can  be  used  to  study  the  changes  that  occur 
in  the  distribution  of  spatial  scales  in  the  medium.  The 
growth  of  large  fluctuations  in  the  amplitude  of  acoustic 
shocks  has  been  studied  theoretically  with  a  new  stochastic 
formulation  of  geometrical  acoustics.  Numerical  calculations 
have  been  made  of  ray  trajectories  in  a  computer-generated 
two-dimensional  random  medium  in  order  to  check  the  pre¬ 
dictions  of  the  analytical  theory  and  to  calculate  special 
parameters  for  comparison  to  experiment. -/Whitham's  theory  ' 
of  shock  dynamics  has  been  generalized  to'Vreat  the  effects 
of  fluid  non-uniformity  on  the  propagation  of  strong  shocks. 

I.  INTRODUCTION 

The  propagation  of  waves  through  randomly  inhomogeneous  media  is  a  funda¬ 
mental  problem  of  interest  in  a  wide  variety  of  scientific  and  technological 
fields.  Waves  refract  and  scatter  from  the  nonuniformities,  and,  consequently, 
large  and  random  fluctuations  can  develop  in  the  intensity  and  phase  pattern  of 
the  waves  as  they  travel  through  the  medium.  The  propagation  of  acoustic  waves 
through  random  media  has  been  studied  in  detail,  as  have  the  analogous  problems 
of  propagation  of  electromagnetic  waves  in  dielectric  substances  and  of  stress 
waves  in  solids.  However,  the  nonlinear  behavior  of  finite-amplitude  shock 
waves  propagating  through  random  media  has  not  received  as  much  attention.  The 
propagation  of  shocks  through  fluids  with  randomly  varying  properties  is 
particularly  significant  because  coupling  between  the  wave  propagation  and  the 
fluid  motion  can  be  very  strong.  For  example,  the  vorticity  field  generated 
by  the  passage  of  a  shock  wave  through  a  fluid  in  which  entropy  (e.g.,  density 
or  temperature)  fluctuations  occur  can  greatly  Increase  mixing  in  the  fluid. 

In  addition,  the  stability  of  plane  shock  waves  strongly  affects  the  behavior 
of  the  scattered  wave  field.  In  this  work  we  present  new  results,  both  theo¬ 
retical  and  experimental,  from  an  investigation  of  shock  wave  propagation  in 
random  media  first  described  at  the  12th  International  Shock  Tube  Symposium 
(ref.  1).  In  the  experiments,  relatively  weak  shock  waves  (Mg  -  1.007  -  1.1) 
propagate  through  a  volume  containing  two  incompletely  mixed  gases  in  which  bX 
rms  sound  speed  fluctuations  occur  with  a  homogeneous,  random  distribution. 


Propagation  in  Nonuniform  and  Random  Media  1 393 1 

Because  shock  waves  are  nearly  discontinuous  and  the  present  experiments 
involve  relatively  weak  shock  waves,  it  is  instructive  and  convenient  to 
treat  this  problem  in  terms  of  geometrical  arguments,  namely  with  the  theory  of 
geometrical  acoustics  as  a  first  approximation  for  weak  waves  and  with  the 
theory  of  shock  dynamics  to  account  for  the  effects  of  gasdynamic  nonlinearity. 

In  particular,  the  view  of  scattering  that  is  adopted  in  this  work,  heavily 
influenced  by  previous  work  at  this  laboratory  (ref.  2)  and  by  suggestions  of 
Pierce  (ref.  3)  and  Kravtsov  (ref.  4),  is  that  the  random  medium  acts  like  a 
random  array  of  lenses,  focusing  and  defocuslng  the  waves,  creating  a  random 
distribution  of  foci  and  thereby  causing  the  wave  amplitude  locally  to  become 
very  large.  At  the  foci  the  occurrence  of  infinite  amplitude  is  prevented  by 
diffraction  and  nonlinearity.  The  large-amplitude  waves  at  the  foci  may  inter¬ 
act  strongly  with  the  medium,  generating  more  inhomogeneities.  Thus,  both  the 
effect  of  the  random  medium  on  the  waves  (scattering)  and  the  effect  of  the 
waves  on  the  medium  (turbulence  production)  are  of  interest.  In  this  paper 
a  survey  is  given  of  research  directed  at  both  aspects.  Reference  is  given  to 
more  complete  descriptions  to  appear  in  future  publications.  In  §2  the  experi¬ 
mental  apparatus  and  some  recent  results  obtained  from  an  optical  technique  for 
measuring  the  statistical  properties  of  the  random  medium  are  described.  In  §3 
a  stochastic  acoustic  theory  which  analyses  the  occurrence  of  foci  in  a  random 
medium  is  briefly  outlined.  In  §4  numerical  calculations  tracing  wave  fronts 
and  rays  through  a  computer-generated  two-dimensional  random  medium  are  described, 
and  results  are  presented  and  compared  ..ith  the  stochastic  theory  and  with  the 
experiments.  Finally,  in  §5  an  approximate  theory  to  treat  the  nonlinear  prop¬ 
agation  of  finite-amplitude  waves  through  random  media,  based  on  Whitham's  shock 
dynamics,  is  described. 

2.  EXPERIMENTAL 

The  apparatus  used  in  these  experiments,  shown  in  Figure  1,  is  mounted  at 
the  end  of  the  43  cm  dia  shock  tube  at  GALCIT*  (ref.  5).  Its  function  is  to 
generate  a  26.7  cm  square  by  35  cm  long  rectangular  volume  of  two  incompletely 
mixed  gases  immediately  prior  to  a  run.  The  apparatus  consists  of  an  array 
of  fine  jets,  alternately  of  helium  and  dichlorodifluormethane  (CC12F2,  here¬ 
after  referred  to  as  fluorocarbon) ,  arrayed  in  a  checkerboard  pattern  on  6.3  cm 
centers  behind  coarse  grids  on  opposite  vertical  sidewalls  of  a  box  which  acts 
as  the  test  section  of  the  shock  tube.  The  grids  are  rapidly  retracted  flush 
with  the  sidewalls  just  before  the  shock  tube  is  fired.  The  top  and  bottom 
walls  of  the  box  are  fitted  with  15  cm  dia  optical  windows  for  diagnostics, 
and  the  vertical  upstream  and  downstream  walls  of  the  box  are  "shutters",  which 
can  be  opened  rapidly  just  before  shock  arrival.  The  operation  of  the  jets, 
the  grids  and  the  shutters  is  automated.  The  gas  mixture  has  the  same  density 
as  air,  so  the  mean  interface  between  the  scattering  region  and  the  uniform  gas 
in  the  shock  tube  remains  parallel  to  the  plane  of  the  incoming  wave  during  a 
run.  The  mean  speed  of  sound  of  the  mixture  is  also  matched  to  that  of  air  to 
minimize  reflection  of  the  shock  from  the  upstream  and  downstream  interfaces. 

The  mixture  which  yields  these  properties  contains  80X  helium  by  volume,  and 
the  mixture  in  the  test  section  at  the  time  of  shock  arrival  has  6%  rms  sound- 
speed  fluctuations.  A  typical  length  scale  of  the  fluctuation  field  in  the 
random  medium  is  1.5  cm.  Shadowgraph  and  schlieren  photographs  are  used  to 
visualize  the  random  medium  and  the  shock  wave  propagating  through  it.  An 
argon- ion  laser  is  used  as  the  light  source.  Quantitative  information  about  the 
development  of  the  statistical  properties  of  the  random  medium  is  obtained  from 
shadowgraph  images  obtained  either  from  still  photographs  or  with  a  high-speed 
motion  picture  camera  operating  at  a  framing  rate  of  50,000  fps.  Figure  2  shows 
selected  frames  from  a  shadowgraph  movie  which  have  been  digitized  on  a  micro- 
densitomer  and  re-photographed  with  a  laser  printer. + 


*  Graduate  Aeronautical  Laboratories,  California  Institute  of  Technology 

+  The  authors  are  Indebted  to  Mr.  D.  Madura  of  the  Medical  Image  Analysis 
Facility,  Jet  Propulsion  Laboratory,  for  his  aid  in  this  effort. 
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Information  about  the  statistical  properties  of  the  random  scattering 
medium  is  obtained  using  the  method  of  Hesselink  and  White  (ref.  6)  for  pro¬ 
cessing  images  on  shadowgraph  photographs.  Assuming  homogeneity  and  isotropy, 
the  (two-dimenisonal)  power  spectral  density  function  Sj (k)  of  the  light 
intensity  fluctuations  in  the  observation  plane  recorded  on  film  is  related  to 
S3(k),  the  three-dimensional  spectrum  of  the  index  of  refractions,  by  a  per¬ 
turbation  analysis  of  the  wave  equation  in  the  limit  of  vanishingly  small  optical 
wavelength  and  fluctuation  amplitude, 

6ttS  (k) 

S3(k)  - - ± -  ,  (1) 

[1  +  36(1  +  6)  ]D3k't 

where  k  is  the  magnitude  of  the  wave  vector,  6  =  D/D,  D  is  the  thickness 
of  the  slab,  and  D  is  the  distance  between  the  entrance  plane  of  the  medium 
and  the  location  of  the  film  plane. 

The  spectrum  of  the  shadowgraph  has  been  computed  and  averaged  from  the 
digitized  images  of  eleven  still  photographs  (Figure  3a) .  From  the  two-dimen¬ 
sional  power  spectrum  of  the  image,  the  three-dimensional  spectrum  of  the  medium 
is  calculated  using  equation  (1)  (Figure  3b).  For  comparison,  two  lines  with 
slopes  -11/3  and  -9  are  shown  on  the  figure.  Kolmogorov  similarly  suggests 
that  in  homogeneous  turbulence  the  power  spectral  density  function  in  the  in¬ 
ertial  subrange  should  follow  a  -11/3  behavior,  while  empirical  data  suggest 
that  in  the  viscous  dissipation  range  a  -9  slope  is  appropriate.  The  inter¬ 
section  between  the  two  straight  lines  occurs  at  a  wavenumber  k  =  5.3  cycles/cm 
which  corresponds  to  a  length  scale  of  1.9  mm.  This  scale  is  known  as  the 
microscale. 

3.  STOCHASTIC  THEORY  OF  FOCUSING 


The  growth  of  large  fluctuations  in  the  amplitude  of  high-frequency  acoustic 
waves  or  acoustic  shocks  has  been  studied  with  a  new  stochastic  formulation  of 
geometrical  acoustics  (ref.  7).  Nonlinear  terms  which  represent  focusing  have 
been  retained  in  the  theory,  so  the  inapplicability  of  previous  theories  when 
amplitude  variations  become  large  and  when  propagation  distances  are  large  has 
been  avoided.  The  coordinate  system  used  in  the  analysis  is  arranged  so  the 
coordinates  (a, 3)  lie  parallel  and  normal  to  the  wave  fronts.  The  ray  direction 
B  =  const  lies  at  an  angle  0,  the  flow  deflection  angle,  to  the  x  coordinate. 
(So  far  only  two-dimensional  problems  have  been  treated.)  Introducing  stretched 
longitudinal  coordinate  s  and  transverse  coordinate  n, 

ds  =  cda  (2) 

dn  =  AdB  (3) 


the  equations  of  geometrical  acoustics  can  be  written 
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where  c  is  the  sound  speed,  K  is  the  wavefront  curvature,  and  A  is  the  ray 
tube  area.  The  essential  tendency  to  focus  can  be  illustrated  by  examining  the 
behavior  in  a  uniform  medium  (c„  =  c^  =0).  In  that  case  the  solution  to 
equation  (7)  is 


n 


nn 


K  = 


_ Ko 

1  +  K0  (s 


so) 


(8) 


where  Ko  is  an  initial  curvature  at  the  initial  station  sg.  For  Ko  >  0, 

K  ■*  0  as  s  -*■  °°  ,  while,  for  Ko  <  0,  K  -*■  as  s  -  so  ■*  l/|Ko|  ,  the  former 
case  corresponding  to  an  initially  diverging  wave  tending  toward  a  plane  wave 
and  the  latter  to  an  initially  converging  wave  collapsing  to  a  focus.  Thus,  K 
always  decreases,  but  it  approaches  different  limits  depending  on  whether  the 
wave  is  converging  or  diverging.  On  the  other  hand,  for  small  fluctuations  the 
stochastic  term  involving  the  sound  speed  in  equation  (7)  is  small  and  therefore 
important  only  near  K  =  0.  The  significant  effect  of  this  term  is  to  cause 
the  curvature  of  diverging  waves  to  pass  the  limit  K  =  0  by  random  walk  and, 
therefore  to  become  converging  waves  which  then  focus.  Thus,  there  is  an  in¬ 
evitable  tendency  to  focus,  and,  as  a  detailed  analysis  (ref.  7)  shows,  focusing 
occurs  in  a  finite  distance  with  probability  ■  1.  Therefore,  fluctuations  of 
wave  amplitude  grow  exponentially  and  the  focal  length  f  has  a  characteristic 
magnitude 


f 


ao 


-2/3 


(9) 


where  a  is  the  correlation  length  of  the  index  of  refraction  fluctuations  in 
the  medium  and  0  is  their  rms  amplitude. 

4.  NUMERICAL  RAY-TRACING  CALCULATIONS 


Computer  calculations  have  been  made  of  ray  trajectories  in  a  computer¬ 
generated  two-dimensional  field  of  index-of-refraction  fluctuations.  The  results 
of  these  calculations  serve  as  a  check  on  the  validity  of  the  above  stochastic 
theory  of  focusing  and  as  an  indication  of  the  departures  that  may  occur  when 
the  amplitude  of  the  sound-speed  fluctuations  is  larger  than  the  range  of  vali¬ 
dity  of  the  analytical  theory.  Furthermore,  calculation  of  special  parameters 
for  comparison  with  experiment  can  easily  be  made.  The  numerical  calculations 
are  carried  out  for  wave  propagation  through  a  random  medium  of  the  same 
properties  (in  particular,  rms  amplitude  and  correlation  length)  as  the  fluid 
mixture  used  in  the  experiments. 


The  computer  turbulence  is  computed  by  convolving  a  set  of  nearly  normally 
distributed  random  numbers  with  a  prescribed  weighting  function  derived  from 
the  specified  correlation  function  of  the  fluctuation  field.  In  the  present 
calculations  a  Gaussian  correlation  function  with  zero  mean,  variance  a2  and 
maximum  amplitude  a2  is  assumed.  The  ray  paths  through  the  random  medium  are 
computed  using  the  ray  equation  of  geometrical  acoustics,  written  this  time 
in  characteristic  form  (ref.  8), 


V Ol¬ 
ds 


Vc 


dx 

15  “  cVa 

where  a  is  the  phase  (da  -  ds/c,  as  before)  and  jc  is  the  position  vector 
of  a  point  on  the  ray.  An  Incident  plane  wave  is  assumed  with  rays  parallel 
to  the  x  axis. 
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A  photograph  of  the  computer-generated  medium  is  shown  in  Figure  4. 

The  gray  scale  represents  the  level  of  the  sound  speed,  a  high  sound  speed  being 
black  and  a  low  sound  speed  white.  Results  of  the  ray-tracing  calculations  for 
waves  incident  normally  on  each  of  the  four  sides  of  the  medium  of  Figure  4  are 
indicated  in  Figure  5.  The  wavefronts  at  five  different  stations  along  the 
path  of  propagation  are  also  indicated.  The  strong  tendency  for  the  waves  to 
focus  in  this  medium  is  clearly  seen;  in  some  cases  multiple  focusing  occurs. 

Since  the  amplitude  and  scale  of  the  sound-speed  fluctuations  has  been  chosen 
to  be  similar  to  that  in  the  experiments,  the  behavior  should  be  typical  of 
those  which  occur  in  the  laboratory-generated  random  medium.  In  particular, 
station  4  corresponds  to  the  position  of  the  window  in  the  experiments,  which 
is  about  three  focal  lengths  (cf.  equation  9)  from  the  upstream  boundary  of  the 
random  medium.  It  is  interesting  that  this  distance  is  of  the  same  order  of 
magnitude  as  the  corresponding  normalized  propagation  distance  through  the 
earth's  turbulent  boundary  layer  of  a  typical  sonic  boom  generated  by  a  super¬ 
sonic  transport,  assuming  that  a  relevant  scale  in  that  case  is  about  10/ks, 
where  ks  Is  the  wave  number  of  the  dissipating  eddies  (ref.  9),  that  the 
amplitude  of  the  relevant  fluctuations  of  sound  speed  equals  0.005  (ref.  10) 
and  that  the  propagation  distance  is  2km. 

From  the  data  of  Figure  5  a  histogram  has  been  constructed  of  the  distance 
to  first  focus  along  representative  rays.  This  quantity,  normalized  to  a 
probability  density  function,  is  plotted  versus  a  nondimen sional  propagation 
distance  (ref.  7)  in  Figure  6.  The  solid  curve  is  the  prediction  of  the  theory 
of  §3.  It  is  seen  that  the  agreement  between  the  numerical  calculations  and 
the  stochastic  theory  is  very  good. 

A  procedure  has  been  established  for  comparing  the  rise  time  of  the  initial 
disturbance  incident  upon  pressure  transducers  at  the  downstream  end  of  the  test 
section  with  the  predictions  of  the  numerical  calculations.  It  is  assumed,  in 
keeping  with  the  implications  of  geometrical  acoustics  theory,  that  initially 
discontinuous  wavefronts  remain  discontinuous,  and  that  any  particularly  slow 
rise  time  •  acorded  by  a  transducer  must  be  due  to  tilting  of  the  wave  front  . 

The  envelope  representing  the  leading  disturbance  on  the  wavefront  at  station 
5  in  Figure  5  is  constructed  and  a  row  of  simulated  pressure  transducers,  scaled 
to  the  diameter  of  the  transducers  used  in  the  experiments,  is  aligned  side  by 
side,  parallel  to  the  plane  of  the  incident  wave  front.  The  slope  of  the  seg¬ 
ment  of  the  wavefront  envelope  incident  upon  each  transducer  is  taken  to  be 
the  quantity  determining  the  rise  time  of  that  transducer.  A  histogram  of  such 
rise  times  is  presented  in  Figure  7.  Also  shown  in  the  figure  is  the  histogram 
of  the  experimental  results.  Agreement  between  these  two  results  is  satisfactory. 

5.  SHOCK  DYNAMICS  IN  NONUNIFORM  MEDIA 

Distortions  of  shock  fronts  caused  when,  for  example,  the  fronts  pass  over 
curved  boundaries,  as  in  shock  diffraction  over  a  wedge,  has  received  consider¬ 
able  attention  in  the  past.  It  is  now  possible  to  treat  diffraction  over  bodies 
with  exact  numerical  calculations  or  with  approximate  theory.  The  approximate 
theory,  known  as  shock  dynamics,  is  due  to  Whitham  (ref.  8).  Shock  propagation 
through  nonuniform  media  has  not  received  as  much  attention,  despite  the  fact 
that  refraction  and  diffraction  of  shock  waves  in  turbulence  and  in  substances 
of  varying  sound  speed  occur  in  many  applications.  There  does  not  exist  an 
approximate  method  for  calculating  such  flows  that  properly  preserves  the 
sharpness  of  discontinuities,  except  for  the  method  of  characteristics  for  fully 
two-  or  three-dimensional  nonsteady  flow.  In  the  work  reported  here,  Whitham's 
theory  of  shock  dynamics  has  been  generalized  to  treat  the  effects  of  non¬ 
uniformities  in  the  undisturbed  fluid  ahead  of  shock  waves.  Shock  dynamics  is 
the  nonlinear  analogue  of  geometrical  acoustics.  It  treats  the  distortion  of 
wave  fronts  in  the  coordinate  system  of  54  in  terms  of  disturbances  propagating 
transversely,  carrying  changes  of  shock  strength  M  and  ray  inclination  9 
along  the  fronts. 
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The  formulation  (ref.  11)  of  the  theory  follows  that  of  Whitham  (ref.  8), 
and  the  resulting  characteristic  equations  are  the  same  as  in  that  theory, 

d0  ±  doj(M)  =  S(6,M,  3a0/3x,  3a0/3y)  ,  (11) 

where  w(M)  is  a  function  given  by  equation  8.72  of  ref.  8,  except  that  a 
source  term  S,  which  depends  on  the  variation  of  sound  speed  in  the  medium, 
appears  on  the  right-hand-side,  reflecting  the  fact  that  disturbances  are  formed 
on  the  wave  fronts  even  in  the  absence  of  nearby  curved  surfaces.  The  function 

5  is  given  in  ref.  11.  Discontinuities  of  M  and  9  can  form  on  shock  fronts 
in  this  theory,  just  as  in  uniform  media.  These  discontinuities  are  the  mani¬ 
festation  of  triple-shock  intersections  in  Mach  reflection  and  refraction.  In 
the  class  of  problems  studied  here  another  discontinuity  may  occur;  namely,  a 
discontinuity  in  fluid  properties  (contact  surface)  in  the  fluid  ahead  of  the 
shock.  Thus,  jump  conditions  equivalent  to  Snell’s  law  must  be  developed  for 
the  changes  of  6  and  M  across  contact  surfaces.  These,  together  with  the 
shock-shock  jump  conditions,  are  fitted  into  the  solutions  of  the  characteristic 
equations. 

In  order  to  examine  the  properties  of  this  theory  in  simple  analytical  ex¬ 
amples,  the  problem  of  shock  refraction  from  a  plane  contact  interface  has  been 
studied.  The  geometry  considered  is  that  of  two  plane  interfaces  intersecting  at 
an  obtuse  angle  on  the  x-axis,  the  portion  in  the  lower  half  plane  being  parallel 
to  the  incident  shock  and  the  portion  in  the  upper  half  plane  lying  at  an  angle 

6  to  the  x-axis.  Figures  8  and  9  show  the  results  of  calculations  for  two 
cases.  The  contact  surfaces,  shock-shocks,  characteristics  and  a  typical  wave 
front  are  indicated  in  the  figures. 

The  most  interesting  result  of  the  analysis  is  the  demonstration  that  O  .▼ 
theory  naturally  provides  a  criterion  for  the  transition  from  regular  to 
refraction,  in  contrast  to  the  diffraction  of  shock  waves  over  wedges  where 
the  theory  only  predicts  Mach  reflection.  In  this  case,  when  the  leading 
characteristic  in  the  upper  half  plane  falls  above  the  contact  surface  a  shock- 
shock  forms  and  irregular  refraction  is  predicted  (Figure  9),  but  when  the 
leading  characteristic  falls  below  the  contact  surface  regular  refraction  results 
(Figure  8).  Figure  8  gives  the  results  for  the  regular  refraction  of  a  shock  of 
strength  M  =  5.0  by  a  sound  speed  ratio  of  1.35  at  an  angle  6  =  45°.  Figure 
9  gives  similar  results  for  irregular  refraction  with  sound  speed  ratio  1.5  and 
6  =  10°. 
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figure  1.  Schematic  view 
of  the  shock-tube  test 
section. 


Figure  2.  Selected  frames  from  a 
high-speed  shadowgraph  movie, 
t  =  0  corresponds  to  the  time  the 
shock  passes  the  viewing  window. 
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Figure  3.  Representative  spectra 
from  still  photographs,  a)  2  - 
dimensional  spectrum  of  shadow¬ 
graph  image,  b)  3  -  dimensional 
—i - spectrum  of  random  medium  cal¬ 

culated  from  a)  . 


b) 
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Figure  4.  Photograph  of  computer 
generated  2  -  dimensional  random 
medium.  White  =  low  sound  speed. 
Black  =  high  sound  speed. 
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SHOCK  WAVE  DIFFRACTION  AT  A  SHARP  EDGE 
AND  THE  EFFECT  OF  BAFFLES  IN  A  SHOCK  TUBE 


J.M.R.  GRAHAM  and  R.  HILLIER 
Department  of  Aeronautics 
Imperial  College,  London  SW7,  England 

The  diffraction  of  a  shock  wave  round  a  sharp  two-dimensional 
edge  is  studied  numerically  using  a  Fluid-in-Cell  method  with 
flux  corrected  transport.  The  alternative  possibility  of  a 
shock  fitting  technique  to  this  problem  in  order  to  reduce 
numerical  diffusion  is  also  discussed  briefly.  In  the  case 
of  shocks  with  subsonic  post-shock  flow  comparisons  are  made 
with  an  isentropic  weak  wave  diffraction  theory  including 
the  effect  of  the  vorticity  shed  from  the  edge.  When  this 
vorticity  is  included,  good  agreement  is  obtained  between 
the  two  different  methods  of  solution  for  the  weaker  shocks. 

Numerical  results  are  also  presented  for  strong  shocks,  with 
supersonic  post-shock  flow.  In  this  case  some  comparison 
with  quasi-steady  theory  is  possible.  These  comparisons 
are  presented  as  a  validation  of  the  general  numerical  tech¬ 
nique  in  dealing  with  diffraction  type  problems. 

The  paper  also  deals  with  the  propagation  of  a  shock  wave 
through  a  succession  of  axisymmetric  orifice  plates  in  a 
long  tube.  ^Jesuits  of  numerical  computations  of  the  inter¬ 
nal  flow  fa\lds  are  presented  indicating  how  the  rate  of 
attentuation  of  the  shock  wave  depends  on  the  relative 
geometry  of  the  orifice  plates.  The  results  are  considered 
in  the  light  of  the  diffraction  results  presented  in  the 
first  part  of  the  paper  and  are  used  to  discuss  the  effect¬ 
iveness  of  internal  baffles  which  are  a  common  feature  of 
silencer  design. 

INTRODUCTION 

An  important  aspect  of  the  interaction  between  shock-waves  and  solid  bodies 
is  the  diffraction  which  occurs  at  the  edges  of  the  body.  It  is  frequently  im¬ 
portant,  for  example,  to  calculate  the  attenuated  shock  which  propagates  into 
the  shadow  region.  Classical  analysis  of  diffraction  usually  ignores  the  flow 
separation  at  the  edge  and  even  in  the  absence  of  separation  there  is  no  exact 
analysis  for  the  diffraction  of  strong  shock  waves. 

Because  of  an  interest  in  calculating  the  attenuation  of  a  propagating 
shock  by  a  sequence  of  baffles,  we  have  chosen  to  look  in  detail  at  the  dif¬ 
fraction  of  a  plane  shock  at  the  edge  of  a  semi-infinite  plate.  The  numerical 
results  presented  in  this  paper  have  been  computed  using  a  finite  difference 

The  scheme  used  was  the  Fluid- 


method  to  solve  the  inviscid  Euler  equations. 
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FIGURE  1  Shock  Tube  Calculations.  One-dimensional  propagation: 

A  Donor  Cell,  O  Flux  Corrected  Transport,  f  Donor  Cell  +  Shock 

Fitting,  -  True  position  of  shock  and  contact  surface. 

Oblique  propagation  0,  computed  on  different  mesh  lines. 

In-Cell  (FLIC-Donor  Cell)  technique,  as  described  by  Gentry,  Martin  and  Daly 
(1966).  This  method  is  a  first  order  scheme  which  is  very  stable  due  to  the 
large  amount  of  numerical  diffusion  inherent  in  it  and  also  the  incorporation 
of  artificial  viscous  pressures.  However  the  numerical  diffusion  results  in 
considerable  smearing  of  shocks  and  contact  surfaces.  This  can  be  seen  in 
Figure  1  in  which  the  results  of  a  one-dimensional  shock-tube  calculation  are 
presented.  The  non-dimensionalised  pressure  and  density  are  plotted  here 
against  the  pseudo-stationary  coordinate  x  =  x/at  where  a  is  the  ambient  speed 
of  sound. 

The  Donor  Cell  method  can  be  improved  to  second  order  accuracy  with  con¬ 
siderable  reduction  of  the  numerical  diffusion  by  incorporating  a  'flux  cor¬ 
rected  transport'  (FCT)  algorithm  as  suggested  by  Book,  Boris  and  Hain  (1974). 
This  technique  removes  the  numerical  diffusion  except  where  it  must  still  be 
retained  for  stability  and  leads  as  in  Figure  1  (FCT  curve)  to  shock  capturing 
over  about  three  or  tour  meshes  of  the  numerical  grid.  However  we  have  found 
that  for  this  particular  code  the  degree  of  sharpening  obtained  as  the  anti¬ 
diffusion  is  increased  must  be  balanced  against  a  slight  loss  of  accuracy  (in 
the  form  of  an  overshoot)  just  behind  the  shock  heralding  the  onset  of  in¬ 
stability.  This  problem  is  most  critical  for  very  weak  shockwaves  (Aps/poo ^  1%) . 

Shock  capturing  over  a  single  mesh  however  can  only  be  obtained  by  tech¬ 
niques  of  shock  fitting  or  by  Random  Choice  Methods,  for  example  Saito  and 
Glass  (1980).  The  result  of  performing  the  shock-tube  calculation  using  the 
basic  FLIC  program  combined  with  a  shock  fitting  algorithm  is  also  shown  in 
Figure  1.  In  this  case  the  shock  which  is  tracked  and  treated  separately  by 
solving  a  Riemann  wave  problem  across  the  two  adjacent  meshes  to  the  shock, 
is  represented  more  or  less  perfectly  to  within  a  positional  accuracy  of  one 
mesh,  but  the  contact  surface  not  so  treated  is  still  smeared  by  the  numerical 
diffusion.  All  three  methods  predict  the  mean  positions  of  the  shock  contact 
surface  and  expansion  quite  accurately  for  this  one-dimensional  problem. 
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TWO-DIMENSIONAL  SHOCK  DIFFRACTION 

We  have  not  applied  the  shock  fitting  technique  to  general  two-dimensional 
problems  so  far  because  of  the  difficulty  of  tracking  compression  waves  with 
complete  unambiguity.  However  the  FCT  version  of  the  Donor  Cell  technique  can 
be  extended  to  two  space  dimensions  without  any  great  difficulty.  In  the  pre¬ 
sent  case  a  regular  rectangular  mesh  has  been  used  and  the  flux  corrected  anti¬ 
diffusion  applied  in  the  two  directions  sequentially  by  operator  splitting. 

This  type  of  two-dimensional  technique  can  sometimes  lead  to  problems  for  dis¬ 
continuities  propagating  obliquely  to  the  axes  of  the  mesh.  As  a  test  of  this 
the  result  of  computing  a  plane  shock  propagating  at  45°  to  the  mesh  is  also 
shewn  in  Figure  1  to  be  captured  with  the  same  resolution  as  the  one-dimensional 
shocks. 

One  of  the  important  questions  arising  from  the  use  of  finite  difference 
schemes  for  diffraction  problems  is  the  accuracy  with  which  they  cope  with  flow 
near  the  sharp  edge.  Diffraction  at  the  edge  of  a  flat  plate  (180°  edge)  is 
likely  to  be  most  critical  for  this  aspect  of  the  method. 

WEAK  SHOCK  DIFFRACTION  AT  A  SEMI-INFINITE  PLATE 

In  the  case  of  a  very  weak  shock  (or  acoustic  pulse)  it  is  possible  to 
construct  an  analytical  solution  for  the  flow  field  as  a  check  of  the  accuracy 
of  the  numerical  method. 

We  consider  the  case  of  a  plane  weak  shock  propagating  at  the  ambient  sound 
speed  along  a  semi-infinite  plate  past  its  edge  as  shown  in  the  inset  diagram 
in  Figure  2.  The  classical  attached  flow  solution  for  the  diffracted  acoustic 
pressure  field  was  given  by  Friedlander  (1958)  for  this  case  as: 

Pd  =  Pa,  +  Aps{l  -  i  tan  1  [cosec(0/2) .  l/i^2.(l/r  -  1)  }  y>0 

=  p  -—  Ap  tan  1  fcosec(0/2)  .  1//2X1/?- 1)  y<0 

in  the  diffraction  region,  r<l,  where  Aps  is  the  strength  of  the  pressure  jump 
across  the  shock  wave.  The  diffracted  wave  front  forms  a  circular  boundary  to 
this  region.  Outside  it,  p  = pro  in  the  undisturbed  region  (1)  and  p  = p<»  +  Apg 
behind  the  shock  (region  2).  However  this  solution  has  a  singularity  in  the 
velocity  at  the  edge  which  is  suppressed  in  reality  by  the  shedding  of  a  vor¬ 
tex  sheet  from  the  edge.  Rott  (1956)  has  shown  how  the  strength  of  the  shed 
vorticity  is  related  to  the  shock  strength  through  the  application  of  the  Kutta- 
Joukowski  condition  at  the  edge.  The  vortex  sheet  rolls  up  into  a  self-similar 
spiral  vortex,  and  in  the  case  of  weak  shocks,  the  local  flow  field  associated 
with  the  vortex  may  be  calculated  asymptotically  from  Laplace's  equation  for 
an  inner  incompressible  flow  in  the  neighbourhood  r  <<  1  of  the  edge. 

By  matching  such  an  inner  solution  to  the  outer  diffracted  flow,  using 
here  for  simplicity  the  Brown  and  Michael  (1955)  model  for  a  concentrated  rolled 
up  vortex  (see  Graham,  1977)  we  obtain: 


T(vortex  strength)  *  24/3TT_1/3A4/3a2t 

(2) 

and 

x  ,y  (vortex  centroid)  »  (0,  —  2 4 ^ 3tt—  2/3a2//3) 

(3) 

where  A  is  the  shock  strength  parameter  Aps/pa2(»  Apg/YPa,).  This  shed  vorticity 
induces  an  acoustic  pressure  field  which  modifies  the  pure  diffraction  field  pd 
given  by  equation  (1).  The  result  to  lowest  order  in  the  shock  strength  para¬ 
meter  as  the  wave  front,  is: 

p  -  pd  +  2-5/® . 3ir  5/ 3 A2 ! 3Ap8sin0/2(l/r  -  1) ^ . 


(A) 
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FIGURE  2  Weak  Shock  Diffraction. 

Flux  corrected  transport  numerical  calculations:  V  :  Ax =0.30 

A  :  0.15,  0  :  0.10,  D:  0.075.  -  Theory,  pure  diffraction 

(eqn  1) ,  -  Theory,  diffraction  +  vortex. 


FIGURE  3  Vortex  Strength  and  Position. 

F.C.T.  calculated  position  of  vortex  centroid  Dx,Ay  and 
0  strength.  -  Theory,  diffraction  +  vortex. 
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The  pressure  field  over  the  whole  diffracted  flow  region  r-^1  can  be  obtained 
as  a  more  lengthy  expression  by  similarly  adding  the  vortex  and  diffraction 
fields. 

The  result  of  this  calculation  is  compared  in  Figure  (2)  with  the  numerical 
computation  for  a  shock  propagating  initially  at  a  Mach  number  Mg  =  1 . 2  (A=0.365). 
This  shows  good  agreement  between  the  numerical  calculation  for  the  pressure 
field  along  the  0  = -90°  axis  and  the  analytical  result  including  the  effects  of 
vortex  shedding.  The  small  pressure  rise  running  ahead  of  the  wave  front,  most 
noticeable  for  small  elapsed  times  (large  mesh  size),  is  caused  by  the  re¬ 
sidual  diffusion  in  the  FCT  method.  The  pure  diffraction  result  is  also  plot¬ 
ted  in  the  same  figure  and  it  is  clear  that  the  presence  of  the  vortex  has  a 
large  effect  on  the  pressure  in  the  shadow  region.  Figure  3  shows  a  plot  of 
the  vortex  strength  and  position  against  shock  strength  (expressed  as  Ms  here) . 
The  numerical  computation  of  the  inviscid  Euler  equations  sheds  about  the  cor¬ 
rect  amount  of  vorticity  from  the  edge  showing  that  the  numerical  viscosity  is 
forcing  a  Kutta  condition  to  apply.  The  y-coordinate  of  the  vortex  centroid 
is  also  in  reasonable  agreement  with  the  asymptotic  theory,  but  the  stream- 
wise  position  is  overestimated.  Not  all  of  the  vorticity  generated  by  a  dif¬ 
fracting  shock  comes  from  the  edge,  some  being  associated  with  fluid  processed 
by  the  curved  shock  front.  However  the  latter  contribution  is  very  small  for 
weak  shocks  (0(A3)).  Bloor  and  Evans  (1978)  have  similarly  analysed  the  dif¬ 
fraction  of  a  plane  weak  shock  at  a  baffle  in  a  channel  using  a  multi-point 
representation  of  the  vortex,  but  they  did  not  derive  the  contribution  of  the 
vortex  to  the  radiating  acoustic  field. 

The  dependence  of  the  pressure  field  on  the  shock  strength  parameter  A  to 
the  2/3  power  indicates  a  monotonic  reduction  with  increasing  A  of  the  peak 
value  of  (p-poo)/Aps  in  the  shadow  region.  However  the  numerical  results  show 
that  for  Ms  above  about  1.5  the  asymptotic  weak  shock  theory  starts  to  over¬ 
estimate  this  reduction  considerably. 

The  above  problem  is  the  simplest  shock  diffraction  problem.  The  next 
simplest  is  the  closely  related  normal  flat  plate  problem  for  which  a  reflected 
shock  is  also  generated.  Similar  analysis  including  the  effect  of  the  shed 
vortex  has  been  carried  out  for  this  case  also,  and  indicates  a  similar  magni¬ 
tude  and  sign  of  the  effect. 

STRONG  SHOCK  DIFFRACTION 

Once  the  incident  shock-wave  is  sufficiently  strong  that  the  post-shock 
flow  is  supersonic,  the  subsequent  diffraction  must  be  accompanied  by  a  rare¬ 
faction  fan  centred  upon  the  edge.  This  is  illustrated  by  the  sketch  in 
Figure  4  (plotted  in  the  pseudo-stationary  coordinates  x,J)  where  the  limits 
of  the  diffraction  field  are  marked  by  the  reflected  acoustic  wave  propagating 
back  into  the  post-shock  fluid  (AE)  and  by  the  diffracting  shock  (EF).  Within 
this  region  the  existence  of  various  disturbances  can  be  postulated  or  have 
been  identified  experimentally  (e.g.  Skews,  1967a,  1967b;  Bazhenova  et  al., 

1971).  The  initial  expansion  is  a  truly  steady  region,  turning  the  fluid  to 
the  appropriate  separation  angle  for  the  vortex  sheet  at  A.  The  precise  boun¬ 
dary  between  this  region  and  the  pseudo-steady  flow  is  unclear  but  is  located 
in  part  at  the  secondary  rearward-facing  shock  BC  which  accommodates  the 
accelerated  flow  from  the  expansion  fan  to  the  slower  fluid  behind  the  dif¬ 
fracting  shock.  This  secondary  shock  will  also  interact  with  the  vortex  sheet 
and  vortex  D. 

Computations  have  been  confined  to  one  shock  Mach  number  (Mg-2.5,  post¬ 
shock  Mach  number « 1. 193)  and  were  terminated  once  the  shock  reached  a  boun¬ 
dary  of  a  50  x  50  square  cell  grid.  Figure  5  shows  the  predicted  variation  in 
the  pressure  rise  at  the  diffracted  shock  (pressure  rise  normalised  by  the 
value  behind  the  initial  incident  shock,  angle  6  measured  relative  to  the 
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FIGURE  4  Schematic  for 
Strong  Shock  Diffraction. 
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FIGURE  5  Angular  Variation  of  Pressure  at  Shock. 

Ms  =  2.5.  (  O  ,  180°  diffraction;  X  90°  diffraction). 


diffraction  edge)  for  deflection  angles  of  90  degrees  and  180  degrees.  The  po¬ 
sition  0=26.6  degrees  is  the  exact  angle  for  the  intersection  between  the  re¬ 
flected  acoustic  wave  and  the  diffracted  shock  (position  E  of  Figure  4)  in 
both  cases;  for  angles  less  than  this  the  pressure  rise  at  the  edge  of  the  dif¬ 
fraction  field  should  then  simply  be  given  by  the  post  incident  shock  value. 

The  computations  appear  to  represent  this  limit  quite  well,  the  departure  as¬ 
sociated  with  numerical  diffusion  and  with  a  weak  pressure  overshoot  at  the 
shock  still  only  being  slight  for  these  FLIC  calculations.  For  the  90°  diffrac¬ 
tion  case  the  computed  pressure  rise  at  the  wall  (9  =-90°)  of  15.8%  of  the  in¬ 
cident  shock  strength  compares  favourably  with  the  value  of  19.5%  inferred 
from  shock  speed  data  in  Skews'  (1967a)  experiments  so  that  it  appears  that  the 
relative  attenuation  of  the  blast  from  its  initial  value  is  well  modelled  nu¬ 
merically.  For  the  180°  diffraction  the  final  shock  strength  (0=-18O°)  is  less 
than  1%  of  the  initial  incident  shock  strength,  relatively  a  much  more  signi¬ 
ficant  attenuation  than  occurs  in  the  weak  shock  examples  (e.g.  8%  computed 
for  Ms  = 1.2). 


One  feature  which  differentiates  the  strong  shock  from  the  weak  shock 
examples  is  the  increased  contribution  to  the  vorticity  field  expected  from 
the  shock  system  in  addition  to  that  generated  by  separation  from  the  edge. 

The  total  vorticity  for  the  180°  diffraction  case  is  given  simply  by  the  con¬ 
tour  integral  of  the  tangential  component  of  velocity  around  the  circuit 
GAEFG  of  Figure  4.  The  contribution  from  the  shock  segment  EF  is  zero  since 
the  shock  moves  normal  to  itself,  and  neglecting  the  velocity  along  the  seg¬ 
ment  FG  (which  is  justifiable  for  this  large  diffraction/strong  shock  problem) 
gives  a  good  approximation  to  the  total  vorticity  as  simply  the  product  of  the 
post  incident  shock  velocity  (U2)  and  the  projection,  in  the  x-direction,  of 
the  segment  AE.  in  suitable  dimensionless  form  this  gives 


~  M_U 


r„,  Cr 

T 


su2 


-  7IT<"»  - 
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For  Mg=2.5  this  gives  r^-4.37  compared  with  a  computed  value  of  4.47  obtained 
by  integrating  the  vorticity  over  the  whole  computational  field,  the  small 
difference  reflecting  either  the  neglect  of  the  wall  velocity  or  slight  errors 
associated  with  the  numerical  diffusion  of  the  diffracted  and  reflected  wave 
fronts.  For  the  90°  deflection  the  computed  value  of  is  4.01,  the  differ¬ 
ence  compared  with  the  180°  case  arising  now  from  a  significant  increase  in 
wall  velocity  or  shock  strength.  Figure  6  presents  computed  contours  of  vor¬ 
ticity  indicating  that  this  is  still  primarily  associated  with  the  vortex/vor¬ 
tex  sheet  rather  than  being  generated  by  the  shock  system.  It  is  difficult, 
unambiguously,  to^identify  that  vorticity  associated^specif ically  with  the 
flow  separation  (fv) .  A  computed  value  of  3.5  (for  Tv)  was  obtained  for  the 


FIGURE  6  Constant  Vorticity  Contours  (%  of  maximum) . 
Mg  =  2.5,  180°  diffraction. 


region  within  the  5%  contour  which  agrees  well  with  the  simple  assumption  that 
the  vortex  sheet  is  fed  by  fluid  at  the  velocity  (U3)  appropriate  to  the  down¬ 
stream  side  of  the  Prandtl-Meyer  expansion  (assuming  expansion  of  the  fluid 
down  to  ambient  pressure) .  This  gives 


rv  *  iu  2  /a2 

or  that  Tv  -3.81  for  Mg=2.5,  supporting  the  computed  predictions.  This  simple 
model  always  implies,  in  fact,  that  the  flow  separation  provides  the  dominant 
contribution,  as  shown  in  Table  1,  although  in  practice  it  v?ll  be  somewhat 
reduced  since  the  initial  flow  will  almost  certainly  not  accelerate  fully  to 
the  ambient  pressure  and,  more  importantly,  the  interaction  of  the  secondary 
(rearward-facing)  shock  with  the  slipstream  can  generate  vorticity  of  the 
opposite  sign. 

Ms  rv/fT  (theory> 

2.2  0.89 

2.5  0.87 

4.0  0.85 

6.0  0.85 

°° _ 1.0 

Table  1  Variation  of  T  /T_  with  M  . 
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SHOCK  WAVE  DIFFRACTION  BY  A  SEQUENCY  OF  BAFFLES 

The  earlier  examples  demonstrate  an  ability  to  predict  realistically  the 
diffracted  shock  strength.  This  next  problem  applies  the  FLIC  program  (without 
antidiffusion)  to  the  problem  of  the  attenuation  of  an  initially  plane  shock 
wave  (Mg  =2.5)  propagating  through  a  sequence  of  'baffles'  or  'orifice  plates' 
into  a  gas  with  ambient  speed  of  sound  a  (y  = 1.403).  The  axisynxnetric  geometry 
shown  in  Figure  7  and  8  was  employed,  starting  the  computation  at  time  T=0 
with  the  shock  emerging  from  the  tube  shown  at  position  X  =  0. 


FIGURE  7  Shock  Propagation  through  Sequence  of  Baffles. 
Large  calibre,  shock  moving  from  left  to  right. 


FIGURE  8  Shock  Propagation  through  a  Sequence  of  Baffles 
(2R  calibre) . 

The  computations  were  conducted  on  a  square  cell  mesh,  with  5  cells  to  the 
tube  radius,  and  with  both  the  baffle  spacing  and  orifice  radius  fixed  equal 
to  R.  Figures  £  and  8  present  pressure  distributions  along  the  centre-line  at 
various  times  (T«Ta/R),  for  configurations  with  outer  radii  of  4.4  R  and 
2.0  R  respectively,  the  computations  being  continued  until  the  incident  shock 
wave  had  passed  6  baffles  (in  what  can  be  regarded  as  effectively  an  infinite 
sequence).  During  this  time,  the  larger  radius  case  behaves  effectively  as  if 
it  were  infinite,  since  there  is  insufficient  time  for  the  shock  wave  pro¬ 
pagating  into  each  cavity  to  reflect  and  return  to  the  mainstream.  Hence  the 
incident  shock  motion  is  governed  by  diffraction  alone,  each  baffle  in  turn 
attenuating  the  shock  so  that  the  distributions  of  Figure  7  show  a  monotonic 
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decay  of  strength  with  distance  or  time.  Behind  the  shock  wave  an  increasing 
extent  of  steady  flow  develops,  as  steady  inflow  becomes  established  to 
successive  cavities,  indicated  by  the  progressive  correlation  with  time  of  an 
ever  increasing  extent  of  the  pressure  distribution.  The  slight  upstream  in¬ 
fluence  from  X=0  represents  numerical  diffusion  of  the  initial  expansion  wave, 
similar  to  the  increased  spreading  of  the  rarefaction  wave  noted  for  the 
shock  tube  problem  in  Figure  1. 

With  the  2.0  R  outer  radius  the  subsequent  motion  is  more  complex  (al¬ 
though  this  might  be  the  more  realistic  situation  practically),  being  influ¬ 
enced  by  the  relatively  rapid  filling  of  the  cavities  between  baffles  and  the 
subsequent  reflection  of  disturbances  back  into  the  main  flow.  Figure  8  shows 
that  initially  (up  to  the  distribution  for  T=1.73)  the  flow  follows  the  same 
development  as  in  Figure  7,  the  baffles  behaving  as  if  of  infinite  capacity 
and  a  corresponding  short  steady  flow  region  forming  (0<X/R<1.0).  After 
this  time,  however,  this  first  cavity  has  been  filled  so  that  the  pressure 
rises  again  from  the  initial  steady  value  sending  further  compression  waves 
after  the  initial  shock  to  strengthen  it  again.  The  subsequent  pressure  dis¬ 
tributions  then  show  considerable  departure  from  those  in  Figure  7,  the  shock 
pressure  first  rising  to  remain  then  more  or  less  constant  as  the  attenuating 
effect  of  baffles  is  compensated  by  the  arrival  of  compression  waves  associated 
with  the  filling  of  further  cavities. 

CONCLUDING  REMARKS 

The  diffraction  calculations  provide  accurate  pressure  rises  at  the  shock 
front  (both  weak  and  strong  shock  calculations)  and  appear  to  model  realisti¬ 
cally  the  effect  of  the  shedding  of  vorticity  from  the  diffraction  edge.  Re¬ 
solution  of  the  finer  structure  of  the  flow  field  is  difficult,  because  of 
the  numerical  smearing  of  shock  waves  and  contact  surfaces  over  several  cells, 
but  can  be  improved  by  decreasing  mesh  sizes  and  by  further  development  of 
anti-diffusion  and  discontinuity  tracking  algorithms. 
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Re-establishment  or  quenching  of  a  detonation  at  a  corner  is 
conceivably  caused  by  the  interaction  of  numerous  triple 
shock  waves  contained  in  the  frontal  structure  of  the  deto¬ 
nation;  a  combined  effect  of  Prandtl-Meyer  expansion  and  the 
disappearance  of  collision  partner  triple  shock  waves. 

In  this  study,  such  processes  are  numerically  simulated  by 
allocating  a  rectangular  blockage  in  a  b=7.4  cm  channel, 
where  attention  is  focused  on  the  behavior  of  the  detonation 
in  the  vicinity  of  a  backward-facing  step.  First,  a  stable 
detonation  with  periodical  structure  having  two  triple  shock 
waves  is  worked  out  for  a  stoichiometric  oxyhydrogen  at  Po= 

0.1  atm.  Then,  the  collision  of  one  triple  shock  wave  with 
the  forward-facing  step  and  the  interaction  of  the  other 
triple  shock  wave  with  the  Prandtl-Meyer  expansion  from  the 
backward- facing  step  are  studied.^ 

The  effect  of  strong  Prandtl-Meyer  expansion  causes  the  dis¬ 
appearance  of  the  triple  shock  wave  as  a  result  of  development 
of  the  decoupling  between  a  leading  shock  wave  and  reaction. 
Two  kinds  of  blockages  are  used;  (1)  1.24  cm  height (1/6  chan¬ 
nel  width)x2.48  cm  length  and  (2)  3.7  cm  height (1/2  channel 
width) x2. 48  cm  length. 

Ine  expansion  effect  from  the  backward-facing  step  in  Case(2) 
is  naturally  more  remarkable  where  the  triple  shock  wave 
completely  disappears.  In  contrast,  the  detonation  in  Case(l) 
is  re-established,  following  a  temporary  decoupling  lasting 
only  during  its  passage  of  four  channel  width  4b=30  cm. 


INTRODUCTION 

It  is  usually  observed  in  the  experiment  that  when  a  detonation  propagates 
along  a  channel  with  rectangular  corner,  the  number  of  existing  triple  shock 
waves  decreases  due  to  the  Prandtl-Meyer  expansion  from  the  inner  corner  while 
the  re-establishment  occurs  due  to  the  wave  reflection  from  the  outer  corner. 
Similar  phenomena  are  observed  when  a  steady  detonation  is  subjected  to  sudden 
expansion  of  channel  width. 

Bach  et  al.  (ref.  1)  and  Korobeinikov  et  al.  (ref.  2)  investigated  the 
coupling  or  decoupling  phenomenon  between  the  leading  shock  wave  and  the  flame 
front,  using  one-dimensional  analysis. 

In  the  . resent  study,  the  behaviour  of  the  triple  shock  waves. in  a  7.5  cm- 
channel  with  a  blockage  were  numerically  analysed  for  a  two-dimensional  non- 


4 


I 


(4i2|  Sugimum  et  al. 

steady  detonation.  In  order  to  obtain  an  initial  condition,  a  detonation  with 
periodical  structure  having  two  triple  shock  waves  was  carefully  constructed  by 
running  the  computer  code  from  the  starting  condition;  three  concentration 
inhomogeneities  in  front  of  a  plane  one-dimensional  C-J  detonation.  The  parame¬ 
ters  of  the  gas  mixture  were  selected  to  agree  with  a  stoichiometric  oxyhydro- 
gen  mixture  at  PO  =  0.1  atm  (refs. 3,4). 

The  calculation  was  made  for  the  two  blockages;  (1)  1.24  cm  height  (1/6 
channel  width)  x  2.48  cm  length  and  (2)  3.7  cm  height  (1/2  channel  width)  x 
2.48  cm . 

EXPERIMENTAL 

Fig. 1(a)  shows  an  open-shutter  photograph  of  an  equi-molar  oxyacetylene 
detonation  obtained  in  a  20  mm  x  4  mm  tube  with  rectangular  corners  at  Po  =4  x 
10^  Pa  (30  Torr) .  The  mesh-pattern  in  this  figure  depicts  the  emission  trajecto¬ 
ries  of  the  numerous  triple  shock  waves  at  the  detonation  front.  When  the  deto¬ 
nation  is  subjected  to  a  sudden  change  of  its  direction  at  the  two  corners,  a 
transient  process  appears  where  some  of  the  triple  shocks  clearly  disappear 
and  quenching  nearly  dominates,  followed  by  the  re-establishment  of  detonation 
each  time. 
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Fig.l  Open-shutter  photograph  of  the  emission  from  equi-molar  oxyacetylene 
detonation  in  a  channel  with  corners. 

(a)  photograph,  (b)  sketch. 

Fig. 1(b)  is  the  schematic  of  Fig. 1(a),  showing  the  gradient  25°  of  the  • 
segment  OA,  the  envelope  of  triple  shock  waves  unaffected  by  the  Prandtl-Meyer 
expansion  from  the  corner.  This  approximate  diffraction  angle  25°  can  be  obtain¬ 
ed  by  considering  a  supersonic  flow  over  a  90°  corner.  An  inert  shock  wave 
having  the  propagation  Mach  number  Mo  =  8  produces  the  trajectory  0A  the  angle 
of  which  is  22.8°  for  the  flow  Mach  number  M^  =  1.8,  according  to  the  Skews's 
theory  (ref.  5).  In  the  case  of  the  oxyacetylene  detonation  the  propagation 
Mach  number  of  which  is  Mo  =  8.0  at  To  =  300  K  and  Po  =  0.1  atm,  on  the  other 
hand,  the  induced  supersonic  flow  is  Mj  =  2.68  which  is  supposed  to  yield  the 
diffraction  angle  22.4°,  fairly  close  to  the  observed  angle  25°.  It  is  noted 
that  the  limiting  diffraction  angle  becomes  22.2°  for  Mq  =  °°.  almost  unchanged 
for  a  wide  range  of  Mq.  On  the  line  0A,  numerous  triple  shock  waves  are  simul¬ 
taneously  exposed  to  the  Prandtl-Meyer  expansion.  At  a  closer  distance  along 
the  line  OA  from  the  corner,  the  rate  of  expansion  is  more  rapid  and  the 
decoupling  between  the  shock  and  reaction  fronts  presumably  occurs  more  severe¬ 
ly.  And  therefore  the  triple  shock  waves  disappear  immediately  after  the 
expansion  comes  into  effect.  At  a  distance  from  the  corner,  in  contrast,  the 
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decoupling  slows  down  and  the  triple  shock  waves  can  survive,  as  shown  in  Fig.l 
(b) .  The  paths  of  the  survived  triple  shock  waves  are  curved  due  to  the 
combined  effects  of  inertia  and  expansion.  When  the  Prandtl-Meyer  expansion 
ends,  the  survived  triple  shocks  start  interacting  each  other  and  become  strong 
enough  to  ignite  the  compressed  gas  and  accordingly  a  coupled  wave  appears. 

Aiming  at  studying  the  essential  behavior  of  a  detonation  near  a  right- 
angled  corner,  the  phenomena  close  to  the  backward-facing  step  of  a  blockage  in 
a  channel  are  experimentally  and  numerically  observed  and  compared.  Fig. 2  shows 


Fig. 2  Propagation  of  a  detonation  in 
a  channel  with  a  blockage, 
mixture:  C2H2  +  O2,  initial 
pressure  Pq  =  39.8  Torr. 
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a  typical  example  of  the  experimental  results  using  the  equi-molar  oxyacetylene 
detonation  at  Pq  =  5.2  x  103  Pa  (39.8  Torr). 


NUMERICAL  ANALYSIS 


The  details  of  the  present  numerical  method  are  identical  to  the  one  used 
by  Taki  and  Fujiwara  (refs.  3,4),  which  treated  the  development  of  a  detonation 
into  a  periodical  and  multi-headed  structure  starting  from  a  plane  one-dimen¬ 
sional  C-J  one. 

(1)  Fundamental  equations. 

It  is  assumed  that  a  gas  mixture  is  perfect  with  constant  specific  heat 
and  constant  mean  molecular  weight,  non-viscous  and  non-heat-conducting. 
Regarding  the  chemical  reaction,  complexity  due  to  numerous  elementary  reactions 
is  avoided  by  utilizing  a  two-step-reaction  model  originally  worked  out  by 
Korobeinikov  et  al.  (ref.  2).  The  parameters  are  selected  to  agree  with 
stoichiometric  oxyhydrogen  reaction  at  Po  =  0.1  atm.  Thus,  two-dimensional 
nonsteady  reactive  gasdynamic  equations  can  be  expressed  as 
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where  u,  v,  p,  p,  T,  q  and  R  denote  the  velocities  in  x-and  y-direction,  the 
pressure,  the  mass  density,  the  temperature,  the  exothermicity  per  unit  mass 
and  the  gas  constant,  respectively.  The  detailed  forms  of  reaction  rates  are 


wa  dt 


kLpexp  (-E^/RT) 


wg=  ||  =  -  k2p2(62exp(-E2/RT)  -  (1-B)2 


X  exp( - rt  4)  }  (6) 

where  a  is  the  progress  variable  for  the  induction  reaction,  starting  from  1  at 
the  shock  front  decreasing  down  to  0,  when  B  the  progress  variable  for  the 
exothermic  reaction  begins  to  decrease  from  1  to  its  equilibrium  value,  and  the 
reaction  parameters  are  as  follows: 

k1=3.0  x  1011  cm3/g/sec,  k2=  1.5  x  10-7  cm4/dyn2/sec, 

(7) 

q=4  x  1010  erg/g,  E!/R=9800  K,  E2/R=2000  K,  y  =1.4. 

(2)  Dimensionless  forms. 

The  fundamental  equations  (1)  through  (6)  can  be  written  in  dimensionless 
forms,  utilizing  the  following  three  characteristic  quantities:  Z* ,  Po  and  q, 
where  Z*  indicates  the  induction  distance  associated  with  the  Neumann  spike 
defined  by 

£*=klfc  eXP(El/RTN>-  (8) 

In  other  words,  the  quantities  used  for  non-dimensionalization  are  Z* ,  p0,  q, 
t*_  T*=  q/R,  u*=i/q_and  p*=  Poq. 

(3)  Finite  difference  equations. 

The  differential  equation  (1)  can  be  approximated  by  the  first-order, 
central  difference  method  originated  by  Van  Leer  (ref.  6): 

*2*  -f‘»“(A/2>  [(Fit/  -  F„  )n  +  (Gnt,  -  Gn.,)t  ]*  -At*Jf„ 

„  „  (9) 

+  (X  /2)  (  (  -  V*)*  +  (  W  )l  1 

( a  2  ,n  (  “  f2n) 

(10) 

( a  2  )l-^,7>t  ( fe,n  ~  f  £/.«. ) 

(a2j*)JW=l/2[(a2ft(,R+(a2)<ni>(  J  (11) 

a  =  /yRT  +  /u2  +  v2  (12) 

X=7T  (13) 

Ax  Ay 

where  (f,,m,n)  denote  a  lattice  point  in  x-y-t  space,  and  Ax  “Ay  and  At  are  the 
difference  steps  in  space  and  time.  The  n+l-th  time  step  Attw/ is  determined  by 
the  stability  condition: 


Atnw=l/max  a/ - -  +  — —  l 

(Ax)2  (Ay)2ji(TCin 
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(4)  Initial  and  boundary  conditions. 

First,  the  characteristic  parameters  for  the  C-J  detonation  are  found  from 
the  reaction  parameters  in  Eq.(7).  A  periodical  two-dimensional  non-steady  deto¬ 
nation  is  numerically  produced  (refs.  3,4)  by  positioning  several  pairs  of 
concentration  inhomogeneities  in  front  of  a  steady  plane  detonation. 

Utilizing  the  channel  width  b=20Jt*  =  7.4  cm,  a  detonation  with  final 
periodical  structure  having  two  triple  shock  waves  was  constructed;  starting 
initially  from  giving  three  pairs  of  concentration  inhomogeneities  in  front  of 
a  plane  one-dimensional  C-J  detonation,  and  requiring  to  run  seven  channel 
widths  or  215  Msec.  A  blockage  was  positioned  in  front  of  this  well-developed 
two-dimensional  nonsteady  detonation;  additional  9  ysec  was  needed  before  the 
detonation  arrived  at  the  blockage. 

Boundary  conditions  were  satisfied  by  assuming  a  reflection  on  both  the 
channel  and  blockage  surfaces,  because  of  non-catalytic  and  non-viscous  walls. 


Fig. 3  A  detonation  prior  to 

interaction  with  a  short 
blockage. 


NUMERICAL  RESULTS  AND  DISCUSSIONS 

(1)  Validity  of  difference  scheme:  The  present  method  was  applied  to  a 
plane  one-dimensional  shock  wave  at  a  right-angle  corner,  in  order  to  check  its 
appropriateness  from  quantitative  point  of  view.  A  shock  wave  was  initiated  from 
a  discontinuous  step  profile  and  did  not  encounter  the  corner  until  the  profile 


settled  into  a  steady  finite-rise  one. 


Fig. 4  Validity  of  difference  scheme: 
Application  to  inert  shock 
diffraction  at  a  corner. 


Fig. 5  Pressure  profile  of  an  inert  shock 
wave  near  backward-facing  step.  Solid 
and  chain  curves  denote  the  isobaric 
curves,  and  the  reflected  sound  wave, 
respectively.  S:  the  starting-point  of 
shock  curvature. 
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An  example  of  shock  diffraction  result  at  a  corner  is  shown  in  Fig. 4.  The 
numerical  result  shows  a  generally  good  agreement  with  the  experimental 
observation  (  ref.  5  ),  except  near  the  wall  where  it  approaches  the  Skews' 
theory  (  ref.  5  ).  As  a  result,  the  shock  wave  exhibits  an  overhang  near  the 
backward-facing  step,  as  often  indicated  in  the  case  of  higher  Mach  numbers. 

A  snapshot  of  the  pressure  distribution  near  the  corner  is  typically 
illustrated  in  Fig. 5.  It  shows  the  domain  of  Prandtl-Meyer  expansion,  where 
rapid  attenuation  and  deceleration  of  the  shock  wave  are  noted.  Quantitatively 
speaking,  the  calculated  diffraction  angle  28°  and  a  spherical  reflected  sound 
wave  are  in  exact  agreement  with  the  Skews'  theoretical  results,  which 
implies  that  this  method  can  be  most  appropriately  applied  to  the  present 
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detonation  diffraction  at  a  corner. 

(2)  Detonation  over  a  short  blockage:  First,  the  calculation  was  carried 
out  for  a  short  blockage:  height  b/6  =  1.24  cm  x  length  b/3  =  2.48  cm.  Figs. 6 
(A)~(F)  show  a  sequence  of  interaction  between  a  detonation  and  the  blockage, 
where  the  behavior  of  the  detonation  is  illustrated  by  the  isobaric  curves 
(solid  lines)  and  the  reaction  front  (broken  line). 

Fig. 6 (A)  shows  a  well-established  two-dimensional  detonation  prior  to  the 
encounter  with  the  blockage.  It  contains  two  developed  triple  shock  waves 
travelling  upward  and  downward.  These  triple  shocks  eventually  collide  with  the 
channel  walls,  as  shown  in  Fig. 6 (A),  and  then  start  interacting  with  the 
blockage.  Since  the  lower  triple  shock  directly  interacts  with  the  forward¬ 
facing  surface  of  the  blockage,  as  shown  in  Fig. 6(B),  this  triple  shock 
disappears  after  it  forms  a  strong  reflected  shock  in  the  inert  burnt  gas 
(Fig.6(C)).  Meanwhile  the  healthy  upper  triple  shock  is  moving  downward  by  the 
time  when  the  bottom  detonation  front  comes  by  the  rear  corner  of  the  blockage. 
Throughout  Figs.6(B)~(D) ,  an  appreciable  decoupling  exists  between  the  leading 
shock  and  reaction  front,  in  particular,  behind  the  blockage,  as  shown  in 
Fig. 6(D).  Later  on,  however,  such  a  wide  unburnt  region  is  wiped  out  and  a 
single-triple-shock  structure  prevails  until  the  second  and  the  third  triple 
shocks  emerge  in  Figs. 6(E)  and  (F).  Thus,  it  can  be  concluded  that  although  the 
disappearance  of  one  out  of  two  triple  shocks  is  triggered  by  the  interaction 
with  a  short  blockage,  this  lasts  only  temporarily  and  returns  to  a  multi¬ 
headed  structure  after  propagating  about  three  channel  widths. 

Such  temporary  decoupling  and  re-establishment  are  more  explicitly  shown 
in  Figs. 7(a)  and  (b) .  According  to  Fig. 7(b),  in  particular,  decoupling  is 


+  :  VALUE  AT  UPPER  SURFACE  OF  CHANNEL 


(bl 

Fig. 7  Short  blockage:  (a)  Coupled  detonation  after  interaction. 

(b)  Propagation  velocities  at  two  typical  places  on  detonation. 

Dc_j  (dimensionless)  *  1.27. 

clearly  the  result  of  one  triple  shock  disappearance,  causing  the  wavelength  of 
propagation  velocity  pulsation  about  two  channel  widths,  twice  as  long  as  in 
the  case  of  two  triple  shocks.  Accordingly,  the  survival  of  at  least  one  triple 
shock  is  essential  from  the  viewpoint  of  detonation  re-establishment. 

(3)  Detonation  over  a  tall  blockage:  A  tall  blockage,  height  b/2  «  3.7  cm 


Two-Dimensional  Nonsteady  Detonations 


1419| 


Prandtl-Meyer  expansion.  As  seen  in  Figs. 8(B)  and  (C) ,  the  strongly  coupled 
shock  and  reaction  throughout  the  wave  front,  in  particular,  at  the  triple 
shock,  separate  and  weaken.  In  fact,  the  gas  behind  the  blockage  remains 
unreacted  during  the  simulation,  although  in  Fig. 8(F)  a  newly-formed  triple 
shock  is  seen;  it  is  generated  by  the  Mach  reflection  on  the  lower  channel  wall. 

The  decoupling  characteristics  are  shown  in  Figs. 9(a)  and  (b) .  In  particu- 


Distance  from  Blockage 
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Fig. 9  A  tall  blockage:  (a)  Decoupled 
detonation  after  interaction, 
(b)  Propagation  velocities  at 
two  typical  places  of  detona¬ 
tion.  Dc_j(dimensionless)=l . 27 


lar,  the  deceleration  due  to  decoupl¬ 
ing  becomes  maximum  30  %  of  the  C-J 
propagation  velocity,  which  would 
cause  a  complete  quenching  in  addition¬ 
al  simulation,  unlike  the  previous 
short-blockage  cu-e. 

CONCLUDING  REMARKS 

(1)  The  effect  of  the  Prandtl- 
Meyer  expansion  on  the  quenching  and 
re-establishment  of  a  detonation  can 
be  controlled  by  changing  the  height 
of  a  blockage  in  a  channel. 

(2)  The  decoupling  between  the 
shock  and  reaction  fronts  takes  place 
rapidly  by  the  strong  Prandtl-Meyer 
expansion  from  a  corner,  generating 
the  disappearance  of  the  triple  shock. 

(3)  The  reduction  of  the  detona¬ 
tion  velocity  in  normal  direction 
becomes  30  %  of  the  C-J  value,  when 
the  decoupling  reaches  most  conspicu¬ 
ous  at  the  end  of  simulation. 
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The  blast-noise  environment  of  recoil  less  rifles 
is  a  complicated  three-dimensional  flowfield  which  must 
be  understood  before  impulse  noise  levels  in  the  operator’s 
position  can  be  reduced.  Both  breech  blast  (produced  by  a 
unsteady,  underexpanded  jet  of  hot  propellant  gas  behind 
the  weapon)  and  muzzle  blast  (produced  by  exit  of  gas  both 
ahead  of  and  behind  the  projectile)  are  important.  A  short 
survey  of  some  of  the  experimental  and  numerical  studies  of 
both  the  breech  blast  and  muzzle  blast  problems  is  present¬ 
ed  here,  followed  by  a  description  of  the  experimental 
approach  used  at  DREV.  Several  of  the  pressure  vs  time 
profiles  which  were  obtained  are  presented  with  the  data 
for  the  operator's  position  appearing  to  indicate  the 
occurence  of  breech  and  muzzle  blast  interaction..  _ 

These  data  are  compared  with  the  results  or  two  one¬ 
dimensional  finite-difference  models  for  the  breech  blast 
(one  assuming  spherical,  the  other  cylindrical  symmetry). 

The  models  are  described  in  general  terms  with  the  key 
boundary  conditions  being  emphasized.  It  is  noted  that  they 
are  first-order  approximations  and  hence  useful  for 
preliminary  and  qualitative  analysis.  For  quantitative 
analysis  a  three-dimensional  model  is  needed  and  the 
approach  being  taken  in  developing  such  a  code  is  described. 


1.0  INTRODUCTION 

Recoil  less  rifles  use  a  supersonic  nozzle  behind  the  breech  to 
vent  propellant  gas  which  is  designed  such  that  the  momentum  of  the 
escaping  propellant  gas  equals  that  of  the  projectile  being  fired,  thus 
eliminating  the  need  for  a  heavy  recoil  absorbing  system.  As  a 
consequence  of  the  unsteady  flow  through  the  nozzle,  and  the  under¬ 
expanded  jet  formed  behind  it,  a  complex  unsteady  three-dimensional 
,  flowfield  is  formed  around  the  weapon,  whose  major  practical 
consequences  are  very  high  impulse  noise  levels  in  the  weapon  operator's 
position  and  a  large  danger  area  to  the  rear  of  the  weapon.  As  a 
further  complication,  it  is  Important  to  note  that  while  the  flow 
through  the  nozzle  (termed  breech  blast  in  the  remainder  of  this  paper) 
is  the  main  contributor  to  the  blast-noise  environment,  the  muzzle  blast 
(produced  by  the  exit  of  gas  both  ahead  of  and  behind  the  projectile)  is 
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also  important,  especially  in  the  operator's  position. 

The  literature  shows  a  good  deal  of  interest  in  the  flowfields 
produced  by  both  the  breech  and  muzzle  blasts,  the  major  applications 
being  a  reduction  of  the  peak  noise  level  in  the  operator's  position, 
limiting  the  impulsive  loads  on  nearby  structures,  and  muzzle  blast 
effects  on  the  projectile  trajectory.  Various  approaches  have  been  used 
including  extensive  experimental  measurements,  correlations  of 
experimental  data,  theoretical  analyses  based  on  ideal  blast  wave  theory, 
and  numerical  predictions. 

1  2 

Plett  et  al  and  Schmidt  give  good  surveys  of  the  breech  blast  and 
muzzle  blast  problems,  respectively.  While  in  both  cases  we  are  looking  at 
the  flowfield  produced  by  an  unsteady  underexpanded  jet,  the  pressure-time 
histories  and  boundary  conditions  are,  however,  different  enough  to  warrant 
separate  studies  of  each  problem.  Basic  experimental  data  on  breech  blast 
is  provided  by  Baker,  Westine,  and  Bessey  ,  Clayden  and  Hillman^,  and 
Pennelegion  and  Grimshaw  .  Baker  et  al  used  a  57  mm  recoilless  rifle  in 
their  tests  and  also  present  data  obtained  for  other  recoil  less  rifles. 

Clayden  and  Hillman,  while  concentrating  on  the  blast-noise  environment 
of  impulsive  rockets,  present  an  interesting  overpressure  contour  plot  for 
the  84  mm  Carl  Gustaf  recoilless  rifle.  Pennelegion  and  Grimshaw  used  a 
blast  simulator  in  their  study,  thus  allowing  more  control  of  the  gas 
parameters  and  more  sophisticated  instrumentation. 

Detailed  experimental  surveys  of  the  muzzle  blastgaround  small-  , 
calibre  weapons„have  been  performed  by  Schmidt  and  Shear0,  Schmidt  et  al  , 
and  Klingenberg  ,  amongst  others.  All  are  excellent  studies  of  the 
problem  with  Ref.  6  presenting  a  series  of  high-quality  photographs 
showing  the  development  of  the  flow  structure.  Overpressure  contour  plots 
at  various  time  intervals  are  presented  as  well  as  well  as  relations  for 
the  mach-disc  and  free-air  blast  trajectories  (see  Fig.  1  for  a  schematic 
diagram) . 

Correlations  of  published  and  unpublished  experimental  data  are  given 
by  Baker  et  ar  for  breech  blast  and  Westine*  for  muzzle  blast.  In  their  text, 
Baker,  Westine  and  Dodge  briefly  discuss  their  correlation  work,  and 
present  the  highlights,  including  a  scaled  plot  of  overpressure  directly 
behind  the  breech,  the  overpressure  directly  behind  the  breech,  the 
overpressure  being  normalised  using  P  ,  the  peak  chamber  pressure  and  the 
distance  behind  the  breech  being  normSlized  using  the  weapon  calibre.  Also 
presented  is  a  plot  of  scaled  overpressure  90°  from  the  muzzle  vs  scaled 
distance.  Further, work  in  this  area  has  recently  been  reported  on  by 
Westine  and  Ricker  .  Although  useful,  these  correlations  are  inadequate' 
since  they  cannot  be  used  to  predict  the  peak  noise  levels  in  the  operator's 
position  and,  further,  provide  only  the  barest  indications  of  which  physical 
processes  and  factors  are  Important. 

Given  the  trouble,  expense,  and  uncertainty  involved  in  obtaining 
experimental  data,  and  the  limitations  of  correlations,  much  effort  has 
been  expended,  as  in  other  areas  of  fluid  dynamics  and  engineering,  in 
numerical  modelling  of  the  breech  blast  and  muzzle  blast  problems. 

Numerical  analyses  of  the  breech  blast  have  been  provided  by  Chiu  et 

al  n’  u  and  Edwards  md  Hillman  .  Adequate  comparisons  of  these  analyses 

with  experimental  data  lias  yet  to  be  carried  out,  however. 

Finite-difference  based  numerical  analyses  of  muzzle  blast  have 
been  published, by  Schmidt  and  Shear  ,  Erdos  and  Del  Guidice  ,  and 
Taylor  and  Lin  ,  amongst  others.  In  general,  fairly  good  agreement 
with  experimental  data  is  obtained  In  the  region  of  the  muzzle.  No 


(422) 


Gladstone  and  Plett 


predictions  of  far-field  overpressures  are  presented  and  three-dimensional 
effects  resulting  from  the  presence  of  the  ground-plane  are  not  taken  into 
account. 

To  summarize,  while  a  good  deal  of  work  has  gone  into  probings 
of  the  breech  and  muzzle  blast  problems,  both  are  far  from  solved  for 
engineering  purposes,  with  the  muzzle  blast,  however,  being  somewhat  better 
understood. 


2.0  EXPERIMENTAL  WORK 

Extensive  data  has  been  obtained  at  DREV  in  the  last  year  in  an 
attempt  to  define  the  major  elements  of  the  blast-noise  environment  of  a 
typical  recoilless  rifle,  the  Swedish  84  mm  Carl  Gustaf.  Fig.  2  gives  a 
general  schematic  diagram  of  the  configuration,  the  operator's  position 
being,  of  course,  just  behind  the  aiming  sights.  While  all  recoilless 
weapons  produce  very  high  impulse  noise  levels  in  the  operator's  position, 
the  Carl  Gustaf  is  especially  noisy  because  of  the  relatively  high  peak 
chamber  pressure  (the  result  of  using  erosively-burning  propellant  in  a 
relatively  small  combustion  chamber),  the  proximity  of  the  operator  to 
the  muzzle,  and  the  absence  of  any  noise-reduction  features.  DREV  has 
measured  a  reflected  overpressure  level  of  6.3  psi  on  the  operator's  head, 
this  value  being  equivalent  to  an  impulse  noise  level  of  186.7  db. 

In  an  attempt  to  define  the  factors  responsible  for  this  high 
noise  level  the  overpressure  levels  at  several  locations  around  a  Carl 
Gustaf  proof  launcher  (a  thick-walled  launcher  equipped  with  pressure 
ports)  were  measured,  along  with  the  combustion  chamber  pressure,  all 
on  the  same  time  scale.  Three  cartridge  variants  and  two  launcher 
heights  were  used,  in  order  to  examine  the  influence  of  the  interior 
ballistics  and  ground-plane,  respectively.  In  this  paper  only  a  small 
portion  of  this  data  will  be  presented  for  use  in  comparing  with  the 
two  numerical  models.  The  experimental  data  will  be  fully  presented  in 
a  DREV  report  which  is  currently  in  preparation. 

Fig.  3  shows  the  experimental  set-up.  Note  that  the  pencil 
blast-pressure  gauges  and  the  lead  head  were  mounted  at  the  same  height 
as  the  launcher,  with  the  lead  head  being  mounted  in  the  operator's 
position  and  the  pencil  gauges  being  pointed  at  the  nozzle  exit  plane. 

Fig.  4  presents  four  of  the  pressure  vs  time  traces  (all  with  the 
same  origin)  which  were  recorded  using  a  standard  round  of  ammunition 
fired  from  a  launcher  40  ins  (15.7  cms)  from  the  ground.  The  projectile 
exit-time  which  is  indicated  on  the  combustion  chamber  trace  was  obtained 
using  a  calibrated  interior  ballistics  computer  code.  The  three 
overpressure  vs  time  traces  provide  an  indication  of  the  number  of 
phenomena  involved  in  producing  the  blast-noise  environment.  Sufficiently 
far  behind  the  nozzle  a  classical  blast  wave  is  produced  as  shown  in 
Fig.  4  (b).  Ahead  of  the  nozzle  a  comparatively  strong  shock-wave 
propagates  towards  the  operator.  Fig.  4  (d)  shows,  however,  that  not  only 
the  pulse  of  Fig.  4  (c),  but  the  muzzle  blast  and  ground-plane  reflections 
play  an  important  role  in  determining  the  overpressure  level  in  the 
operator's  position. 


3.0  NUMERICAL  MODELLING 


Theoretical  Considerations 


The  theoretical  development  used  here  is  intended  to  represent, 
to  a  first  order  approximation,  the  processes  involved  in  generating 
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the  pressure  pulse  observed  in  the  near  field  of  the  breech  exhaust. 

In  this  near  field  region,  one  could  imagine  that  the  jet  is 
approximately  cylindrical.  Far  from  the  breech,  the  source  may  appear 
more  as  a  spherically  symmetric  flow  than  as  a  cylindrical  flow,  but 
near  the  jet,  the  cylindrical  geometry  is  an  appealing  simplification. 

The  flow  field  has  been  treated  as  a  cylindrically  symetrical 
flow  and  as  a  spherically  expanding  plane  being  pushed  back  by  the 
expanding  jet.  The  jet  expands  laterally  as  the  nozzle  exit-plane 
pressure  increases.  This  in  turn  is  caused  by  the  pressure  in  the 
combustion  chamber,  rising  as  the  propellant  burns.  A  relationship 
been  the  jet  expansion  and  the  exit  pressure  could  be  developed 
analytically.  Instead,  an  empirical  relationship,  based  on  experimental 
data  is  used,  as  follows  for  the  cylindrical  jet: 

VRe  *  <pe/pj)e  <') 

where  R,  and  Rg  are  the  jet  and  exit  plane  radii,  respectively,  and 

p  is  the  back  pressure  experienced  by  the  jet  at  its  outer  boundary. 

Tnis  configuration  is  represented  in  Fig.  5.  With  this  approach,  the 
jet  expands  as  the  combustion  chamber  pressure  increases  and  contracts 
as  the  chamber  pressure  decreases. 

18 

The  numerical  scheme  used  is  a  Lax-Wendroff  two-step  scheme  in 
which  the  equations  of  mass,  momentum  and  energy  conservation  are  solved. 
A  cylindrical  grid  with  radial  steps  of  1  cm  was  used.  The  time 
increments  were  chosen  during  any  step  based  on  the  maximum  value 
of  (  u  +  c)  computed  in  the  previous  step,  where  u  is  the  local 

particle  velocity  and  c  is  the  local  sound  speed.  Then  dt  =  0.5  x 

dr/(u  +  c)  max  was  used  in  each  step,  to  ensure  a  reasonably  rapid 
computation  with  a  stable  solution.  An  artificial  viscosity  was 
used,  to  enhance  numerical  stability.  This  has  the  effect  of 
smearing  a  shock  wave  slightly. 

The  boundary  conditions  can  be  assigned  to  be  as  realistic  as 
desired.  At  solid  boundaries,  there  can  be  no  flow  through  the 
boundary  and  the  velocity  adjacent  to  the  boundary  must  assume  the 
boundary  velocity.  At  outer  boundaries,  conditions  must  be  continuous; 
that  is,  the  flow  variables  have  zero  gradient. 

The  jet-plane  boundary  in  this  problem  was  treated  as  a  membrane 
through  which  there  could  be  no  flow  but  across  which  the  pressure  was 
continuous.  As  this  membrane  moved  outward  (inward),  the  abutting 
cell  was  compressed  (rarefied)  generating  outward  (inward)  flow.  After 
each  two-step  sequence,  the  computational  grid  was  moved  to  provide 
regular  sized  cells  everywhere;  the  flow  variables  in  each  cell  were 
recalculated  for  the  new  positions-using  interpolative  conservation 
relations  based  on  the  values  at  adjacent  points  of  the  previous  cell 
position. 

Cylindrical  Model 

Figure  5  schematically  shows  the  model  parameters.  The  driving 
force  for  the  generation  of  the  blast  field  comes  from  the  rapid 
expansion  of  an  assumed  cylindrically  shaped  jet.  The  relationship 
between  the  jet  radius  and  the  chamber  and.external  pressures  was  given 
earlier  in  Eq.  1.  From  experimental  data,  'the  value  of  e  was  given 
by  0.633.  Several  chamber  pressure  profiles  were  tried  to  observe  the 
effect  of  pressurization  rate  on  the  peak  overpressures  In  the  blast 
field. 
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Figure  6  shows  the  computed  pressure  profiles  at  various  time 
intervals  during  the  chamber  pressure  cycle.  The  rapid  jet  expansion 
rate  at  the  initial  time  causes  a  large  pressure  increase  at  the  jet 
surface.  Since  the  jet  expansion  rate  decreases  thereafter,  the 
pressure  adjacent  to  the  jet  surface  decreases,  and  the  peak  propagates 
radially  outward,  decreasing  in  amplitude  due  to  the  radial  area 
increase  effect.  As  the  pressure  adjacent  to  the  jet  surface  continues 
to  fall,  an  N-wave  type  profile  develops. 

Figure  7  shows  the  decay  of  the  peak  overpressure  with  radial 
distance  for  the  case  plotted  in  Fig.  6  as  well  as  for  two  other  chamber 
pressure  profiles.  As  the  rate  of  pressurization  of  the  chamber  is 
decreased,  the  jet  radial  velocity  is  correspondingly  decreased  resulting 
in  smaller  overpressures  in  the  field  surrounding  the  jet.  This  quali¬ 
tative  relationship  between  chamber  pressurization  rate  and  maximum 
blast  overpressures  has  been  observed  in  rocket  firings.  Therefore,  the 
analysis  has  produced  results  which  explain  qualitatively  what  has  been 
observed  before,  and  has  provided  a  means  of  predicting  the  relationship 
between  these  two  phenomena,  at  least  for  an  assumed  simple  geometric 
configuration. 


Spherical  Model 


The  size  of  the  bubble  is  determined  by  the  cumulative  mass  flow 
from  the  nozzle,  and  is  given  as  follows: 
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The  bubble  growth  rate  is  calculated  by  differentiating  this  expression, 
and  given  by: 
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where  p.  is  the  average  density  in  the  bubble  ana  p.  is  obtained  by 
applying  the  conservation  of  mass  and  energy  principles  to  the  flow 
exhausting  from  the  nozzle.  This  bubble  growth  rate  is  the  driving 
effect  for  generation  of  the  blast  flow  field. 


Again,  only  near  field  pressures  have  been  computed,  due  to  the 
length  of  computation  time  required  to  reach  the  far  field.  Fig.  8 
gives  the  plot  of  the  resulting  pressure  pulses  at  various  times  after 
ignition.  An  initial  peak  is  observed  which  propagates  outward  and 
decays  due  to  .  ea  expansion  effects.  This  is  followed  by  a  second  rise, 
probably  due  to  the  nature  of  the  chamber  pressure  variation. 

4.0  DISCUSSION 


A  rough  check  of  our  experimental  data  is  available  by  plotting 
the  measured  maximum  free-field  overpressure  10  m  behind  the  nozzle 
exit-plane  on  Baker  et  al's  correlation  plot  for  recoilless  rifles  of 
maximum  overpressures  on  a  line  0°  to  the  breech.  In  our  case: 

L/C  =  10/0.084  =  119 


P/Pc  =  120/60,000  =  0.2  x  10'3 


and 
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As  can  be  seen  from  their  plot3  this  value  falls  near  the  best-fit  line 
through  the  data. 

A  comparison  of  the  numerical  predictions  with  the  experimental 
data  is  difficult  to  carry  out  given  the  somewhat  different  chamber 
pressure  histories  in  the  two  cases  and  the  availability  of  only  one 
near-field  overpressure  profile,  that  of  Fig.  3  (c).  Some  preliminary 
investigations  have  been  carried  out  using  the  chamber  pressure  profile 
of  Fig.  3  (a)  as  an  input  to  the  cylindrical  model.  These  give  results 
similar  in  form  to  Fig.  6,  though  the  overpressures  are,  as  might  be 
expected,  higher.  Also  the  jet  surface  locus  extends  out  to  a  consider¬ 
ably  greater  distance.  At  a  radial  distance  of  1  m  these  preliminary 
results  give  a  peak  overpressure  of  approximately  20  psig.the  measured 
peak  overpressure  from  Fig.  3  (c)  being  approximately  10.3  psig.  The 
cylindrical  model  appears  to  be  valid  as  a  first-order  approximation. 

For  quantitative  predictions,  the  jet  separation  and  blast-wave 
diffraction  effects  around  the  nozzle  must,  however,  be  taken  into 
account. 

In  general,  reducing  the  peak  in  the  chamber  pressure  profile 
reduces  the  peak  overpressure  value  in  the  environs  of  the  weapons  and 
also,  because  of  the  weaker  shocks,  delays  the  arrival  of  the  pulse  at 
a  given  location. 


5.0  CONCLUSIONS 

Various  approaches  to  describing  and  analysing  the  blast-noise 
environment  of  recoil  less  rifles  have  been  described  and  some  recent 
experimental  data  presented.  Two  1-D  finite  difference  models  have 
also  been  presented,  along  with  some  typical  results.  As  the 
experimental  data  shows,  one-dimensional  models  are  clearly  inadequate 
and  better  representations  of  the  3-0  phenomena  are  required  if  reliable 
predictions  of  the  peak  overpressure  are  to  be  achieved. 
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Propellant  Gas: 


FIGURE  I  -  Schematic  of  Muzzle 
Blast  Flow  Field  (Ref.  14) 


FIGURE  2  -  Schematic  Diagram  of  Carl  Gustaf  Recoilless  Rifle 
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FIGURE  3  -  Experimental  Set-up 
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The  spectrum  of  WO  was  studied  as  part  of  a  continuing  in¬ 
vestigation  of  the  shock-excited  spectra  of  astrophysical- 
ly  important  molecules.  A  3-inch  i.d.  steel-copper  shock 
tube  was  used  to  shock-excite  tungstic  anhydride  powder  to 
temperatures  between  3800  and  4500K.  The  resulting  exten¬ 
sive  emission  spectrum  of  WO  was  recorded  photographically 
between  3400X  and  89O0X.  119  bands  cf  WO  were  excited  of 

which  99  were  observed  for  the  first  time.  A  preliminary 
vibrational  analysis  has  been  made  of  the  "D"  system  and 
vibrational  constants  are  given. 


INTRODUCTION 

The  high  dispersion  and  high  resolution  study  of  molecular  spectra,  such 
as  wavelength  analysis  and  the  precise  determination  of  molecular  structure 
constants,  is  one  area  of  spectroscopy  which  is  not  normally  associated  with 
shock-excitation  studies.  The  duration  of  useful  light  emission  in  shock  tube 
spectroscopy  is  usually  less  than  one  millisecond,  which  is  far  shorter  than 
normal  exposure  times  required  by  slow,  high  resolution  spectrographs.  Never¬ 
theless  the  shock  tube  is  a  most  useful  spectroscopic  light  source  for  the 
high  temperature  excitation  of  many  metallic  oxide  band-systems  of  astrophysi- 
cal  importance,  which  are  normally  difficult  to  excite  in  the  gas  phase  with¬ 
out  use  of  sustained  high  temperatures  (Nicholls  et  al.  1963).  Because  of  the 
thermal  excitation  of  high  vibrational  and  rotational  levels,  more  vibration¬ 
al  bands  and  rotational  lines  are  usually  observed  in  the  shock  excited 
spectra  than  low  temperature  spectra  (Shin  and  Nicholls  1977a, b). 

In  this  paper  we  report  a  study  of  the  shock-excited  WO  spectrum  at 
moderately  high  resolution  using  a  computer  processing  of  spectral  data  to  aid 
in  the  analysis.  The  rich  WO  emission  spectrum  is  characterized  by  many 
systems  of  overlapping  bands  (as  yet  mainly  unasi^gned)  extending  throughout 
the  near  ultraviolet,  visible  and  near  infrared  spectral  regions.  Because  of 
the  complexity  of  the  WO  spectrum,  previously  excited  in  arcs,  there  have  been 
virtually  no  attempts  to  analyze  it.  Two  short  notes  were  published  by 
Gatterer  and  Krishnamurty  (1952)  and  Vittalachar  and  Krishnamurty  (1954).  The 
last  authors  propose  four  band  systems  with  the  (0,0)  bands  at  ’’743,  7060, 

6220  and  4710A.  Gatterer  and  Krishnamurty  (1952)  proposed  two  systems  with 
(0,0)  bands  at  4806  and  4459&,  with  a  possible  third  one  at  4710A.  Wavelength 
measurements  on  25  W0  band -heads  have  been  presented  by  Gatterer  et  al. 

(1957),  but  the  spectrum  was  not  analyzed.  In  addition,  a  provisional 
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Deslanders  array  was  obtained  from  a  low-dispersion  shock-excited  WO  spectrum 
by  Nicholls  and  Tyte  (1965).  In  this  study,  all  of  the  observed  bands  were 
assigned  to  one  system.  The  paucity  of  the  published  result  shows  that  the 
WO  spectrum  has  not  yet  been  properly  characterized.  Difficulty  also  occurs 
because  of  numerous  perturbations  existing  between  various  energy  states  and 
as  well  as  to  the  great  complexity  of  a  typical  heavy  metal  oxide  spectrum. 

The  study  of  absorption  spectra  in  neon  and  argon  matrices  by  Weltner  and 
McLeod  (1965)  reveals  that  there  are  seven  electronic  transitions  (A  to  G 
systems)  in  the  wavelength  range  3500  -  6000X.  There  exist  very  extensive 
perturbations  particularly  between  systems  A  and  B  and  also  between  E  and  F. 

Of  all  the  systems  of  Vittalachar  and  Krishnamurty  (1952)  and  Gatterer  and 
Krishnamurty  (1954)  only  one  at  4807X,  appears  in  absorption  in  the  neon 
matrix  experiment  of  Weltner  and  McLeod  (1965) . 

The  purpose  of  the  present  study  was  to  obtain  a  WO  spectrum  with  more 
bands  than  have  been  observed  hitherto  and  to  apply  computer  assisted  techni¬ 
ques  in  the  analysis.  With  these  techniques,  it  is  hoped  to  relate  bands  to 
several  electronic  systems  and  to  obtain  the  molecular  constants  describing 
their  energy  levels. 

EXPERIMENTAL 

The  spectra  of  WO  were  produced  by  thermally  exciting  powdered  tungstic 
anhydride  (WO3;  purity  99.9%)  in  a  3-inch(i.d.)  steel-copper  shock  tube  with 
powder-injection  system  described  elsewhere  (Cann,  Shin  and  Nicholls  1981). 

The  temperatures  of  gases  behind  the  reflected  shock  wave,  as  estimated  from 
the  initial  shock  speed,  were  3800  -  4500K.  The  emission  spectra  of  WO  were 
photographed  at  several  temperatures  from  the  near  UV  to  the  near  infrared 
spectral  regions.  Emission  spectra  in  the  near  UV  and  the  visible  regions 
(3400  -  7000X)  were  recorded  in  first  order  on  a  Baird  Atomic  3-meter  grating 
spectrograph  with  a  reciprocal  dispersion  of  2.5  X/mm,  and  in  first  order  on 
a  Bausch  and  Lomb  1.5-meter  grating  spectrograph  with  a  reciprocal  dispersion 
of  15  X/mm.  Spectra  for  the  near  infrared  region  (6700  -  8900X)  were  record¬ 
ed  also  in  first  order,  with  a  Czerny-Turner  0.65-meter  spectrograph  having 
a  reciprocal  dispersion  of  12.7  X/mm.  The  number  of  shocks  required  to  pro¬ 
duce  an  adequate  spectrum  on  Kodak  2475  film  and  Kodak  high  speed  infrared 
film  varied  between  one  and  thirty,  depending  on  the  band  intensities  in  the 
wavelength  region  and  the  speed  of  spectrograph  used.  A  schematic  diagram  of 
the  optical  arrangement  is  displayed  in  Figure  1. 

The  spectrographic  films  were  measured  and  digitized  with  a  Perkin  Elmer 
Model  1010A  PDS  Microdensitometer  and  PDP8E  computer  (at  the  David  Dunlap 
Observatory,  University  of  Toronto).  The  digitized  spectra  were  measured  with 
an  increment  of  0.0005  cm  and  were  stored  on  magnetic  tape.  Subsequent  pro¬ 
cessing  of  the  tape  including  wavelength  calibration  using  prominent  tungsten 
atomic  lines,  was  conducted  on  York  University's  ITEL  AS/6  mainframe  computer. 
In  order  to  reduce  noise  and  enhance  the  visibility  of  the  bands  the  digitiz¬ 
ed  spectra  were  processed  by  signal  averaging,  with  rectangular  functions  of 
various  widths.  Figures  2(a)  -  2(d)  show  the  computer-reproduced  Bausch  and 
Lomb  spectra  without  or  with  averaging.  This  method  enhanced  the  visibility 
of  the  bands  and  was  especially  valuable  for  identifying  many  weak  bands. 

The  wavelength  measurements  of  band  heads  were  carried  out  on  spectra 
which  were  plotted  on  the  CALCOMP  drum  plotter  with  wavelength  scales  chosen 
to  facilitate  the  measurements.  By  this  means  119  band  heads  of  the  shock- 
excited  WO  spectrum  were  observed  in  the  spectral  range  3400  -  8900X.  Among 
these,  99  of  the  bands  have  not  been  reported  previously,  in  particular  the 
band  systems  in  the  near  infrared  region.  The  infrared  bands  may  be  hot  bands 
due  to  the  high  temperatures  of  shock  excitation. 
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SPECTRAL  FEATURES 

The  band  head  wavelengths ,  vacuum  wavenumbers  of  all  the  bands  observed 
In  this  study,  with  the  vibrational  quantum  assignments  for  bands  in  D-system 
are  displayed  in  Table  1.  The  probable  observational  error  in  wavelength 
measurement  is  about  ±  0.5$  in  the  near  UV  and  visible  regions  and  about  ±  1A 
in  the  near  infrared  region.  The  band  heads  designated  by  an  asterisk  are 
those  which  have  been  previously  reported  in  the  literature.  Otherwise  the 
remaining  99  bands  are  new.  An  examination  of  the  spectrum  shows  that  most 
of  the  observed  bands  are  degraded  to  the  red.  Figures  3  and  4  are  the  low 
dispersion  WO  spectra  taken  with  the  Bausch  and  Lomb  and  the  Czerny  Turner(JH) 
spectrographs. 

Because  of  the  high  density  of  bands  which  remain  to  be  assigned  and  the 
strong  perturbations  between  systems  described  by  Weltner  and  McLeod  (1965) , 
only  the  D-system  has  been  vibrationally  analyzed  at  present. 

VIBRATIONAL  ANALYSIS  AND  MOLECULAR  CONSTANTS  OF  THE  D-SYSTEM 

The  head  of  the  (0,0)  band  of  D-system  lies  at  4805. 9&  (20801.9  cm  )  and 
transitions  to  the  higher  vibrational  levels,  up  to  the  v'  =  5  and  v"  *  3  are 
observed.  The  (0,0)  band  is  the  strongest  but  the  (1,0)  and  (2,0)  sequences 
are  well  developed. 

A  set  of  molecular  vibrational  constants  was  determined  from  a  least 
squares  fit  to  measured  band  head  wavenumbers,  giving 

vR  =  20833.5  +  995.3(v'+0.5)  -  5.941(v’+0.5)2 

-  [1062.4(v"+0.5)  -  3.975(v"+0.5)2] . 

This  set  of  vibrational  constants  is  the  first  to  be  published  for  the  W0 
molecule. 

Table  2  shows  the  Deslanders  table  for  wavenumbers,  wavelengths,  Franck- 
Condon  factors,  r-centroids,  and  the  first  differences  between  progressions 
of  D-system  bands.  A  set  of  provisional  approximate  Morse  Franck-Condon 
factors  and  r-centroids  were  calculated  from  the  following  input  data 
PA  =  14.7153823  a.m.u.,  w'  =  995.3  cm-  ,  «eXg  =  5-941  cm~l,  =  1062.4  cm  , 
uigx"  ■  3.975  cm-  ,  (r'&  «  1.74  X)  and  (r^  *  1.69  X).  Because  no  re  values  are 
available  in  the  literature  (Huber  and  Herzberg  1979)  (for  no  rotational 
analyses  have  been  done)  we  adopted  r'g  of  the  ground  state  of  the  very  simi¬ 
lar  TaO  molecule  for  which  pA  =  1.68669X,  and  used  Birge's  rule  were  -  const, 
to  estimate  r^.  There  is  good  agreement  between  the  Franck-Condon  factor 
values  and  the  proposed  band  assignments  in  Table  2. 

DISCUSSION 

The  above  results  are  preliminary  and  the  work  continues  on  assignments 
and  analyses  of  the  other  bands.  Spectra  obtained  with  the  powder-injection 
shock  tube  yield  a  rich  array  of  bands  far  more  numerous  than  hitherto  re¬ 
ported  in  the  literature.  The  W0  spectrum  is  complex  and  its  variation  with 
shock  temperature,  together  with  study  of  the  absorption  spectrum  can  be 
expected  to  assist  in  relating  vibrational  bands  to  particular  electronic 
systems.  The  computer  processing  of  digitized  spectra  has  been  a  powerful 
tool  in  this  work.  Filtering  by  the  Fast  Fourier  Transform  methods  has  also 
been  used  for  noise  removal  and  extension  of  this  method  in  future  work  will 
be  profitable.  In  addition  to  the  vibrational  bands,  the  rotational  lines 
within  some  of  the  stronger  bands  appetr  quite  clearly  on  some  of  the  films 
as  well  as  in  the  computer  generated  plots.  Further  work  (including  some 
rotational  analyses)  is  expected  to  yield  many  more  band  assignments  and  the 
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corresponding  molecular  constants. 
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Figure  1.  The  schematic  diagram  of  optical  arrangement. 
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Figure  2.  The  computer-reproduced  Tungsten  oxide  spectra;  (a)  spectrum 
without  averaging,  (b)  spectrum  averaged  with  rectangular  function  of  HW=2&, 
(c)  of  HW=8A,  (d)  of  HW=16X. 
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Figure  4.  The  shock  excited  WO  spectrum  in  the  near  I.R.  region 
(photographed  with  a  Czerny-Turner  spectrograph) . 
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TABLE  2  BANDS  OF  THE  WO  D- SYSTEM 


v'  0  1  2 


20801.9 

19742.9 

4805.4 

5063.7 

0 

4.8966  -1 

(1059) 

3.7536  -1 

1.7181  0 

1,7589  0 

(976) 

(985) 

21777.6 

20728.2 

19677.2 

4590.6 

(1049) 

4823.0 

5080.6 

1 

3.1735  -1 

3.7387  -2 

(1051) 

3.4509  -1 

1.6801  0 

1.7359  0 

1.7643  0 

(971) 

(964) 

22749.3 

21693.0 

4394.5 

4608.5 

2 

1.2961  -1 

(1056) 

2.2497  -1 

1.6473  0 

1.6871  0 

(952) 

(951) 

*23701.8 

22644.7 

*21602.5 

4217.9 

4414.8 

4627.8 

3 

4.3896  -2 

(1057) 

1.9280  -1 

(1042) 

7.7994  -2 

1.6193  0 

1.6527  0 

1.6983  0 

4 


5 


(938) 

*22540.6 

4435.2 

1.6670  -1 

LEGEND:  Wavenumber  (v)  In  cm-1  1.6592  0 

Wavelength  (X)  in  X 
Franck-Condon  Factor 
r -Centroid 

Flrat  differences  In  cm-i  (In  bracket) 
NOTE:  * Indicate  newly  observed  bands 


*22425.3 

4458.0 

9.5931  -2 
1.6678  0 


AD  P  0  0  0  2  6 
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ROTATIONAL  NONEQUILIBRIUM  INFLUENCES 
IN  CW  HF/DF  CHEMICAL  LASERS 
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Buffalo,  New  York  14240 


and 


L  H.  Sentman 

Department  of  Aeronautical  and  Astronautical  Engineering 
University  of  Illinois 
Urbana,  Illinois  61801 


A  theory  is  presented  which  considers  either  rotational  equilibrium  or  non¬ 
equilibrium  rate  processes  in  continuous  wave  (CW)  hydrogen  fluoride  (HF) 
or  deuterium  fluoride  (DF)  lasers.  The  theory  is  used  to  predict  zero  power 
gain  and  power  spectral  distributions  and  comparisons  are  made  with  experi¬ 
mental  observations.  The  DF  reaction  kinetics  model  was  found  to  give  pre¬ 
dictions  of  zero  power  gain  which  were  closely  correlated  with  experimental 
data.  However,  the  HF  reaction  kinetics  were  found  to  produce  radically 
different  zero  power  gains  than  experimentally  observed.  Modifications  to 
the  reaction  rates  of  certain  vibrational-translational  and  vibrational- 
vibrational  energy  exchange  processes  were  found  to  remove  the  discrepancy 
between  the  measured  and  predicted  zero  power  gains.  The  rotational  non¬ 
equilibrium  theory  was  used  to  predict  the  power  spectral  distributions  for 
HF  and  DF  lasers  and  results  were  found  to  be  consistent  with  experimental 
data. 

\ 

I.  INTRODUCTION 

Interest  in  chemical  lasers  and,  in  particular,  continuous  wave  (CW)  hydrogen  fluoride  (HF) 
and  deuterium  fluoride  (DF)  continues  to  be  maintained  at  a  high  level  after  more  than  a  decade 
since  their  first  demonstration.  Such  devices,  see  Figure  1,  operate  at  high  chemical  efficiencies 
and  do  not  require  any  nonchemical  energy  for  their  operation,  thereby  providing  a  source  of  high- 
level  coherent  radiant  energy  from  a  relatively  low  weight  compact  system.  Considerable  literature 
describing  experimental  and  theoretical  investigations  of  chemical  lasers  has  appeared  since  1 964, 
including  the  Handbook  of  Chemical  Lasers  1  and  the  recent  review  by  Cool 2. 

Insight  into  the  dominant  physical  processes  that  control  CW  HF/DF  laser  performance  has 
been  gained  through  the  development  and  application  of  theoretical  models.  Emanuel,  in  Chapter 
9  of  the  Handbook  of  Chemical  Lasers  l,  has  reviewed  the  numerical  modeling  techniques  used  to 
model  both  CW  and  pulsed  chemical  lasers.  As  shown  by  Emanuel  *  and  others,  one  of  the  major 
elements  in  the  theoretical  model  of  chemical  HF/DF  lasers  is  the  description  of  the  chemical 
kinetics.  Early  analyses,  which  employed  the  assumption  of  rotational  equilibrium,  were  found  to 
be  unable  to  predict  accurately  the  experimentally  observed  spectral  distribution  of  energy.  In  an 
early  study  of  rotational  nonequilibrium  phenomena,  Sentman^  showed  that  several  rotational 
transitions  within  a  given  vibrational  band  lase  simultaneously  and  most  of  the  power  is  contained 
in  those  rotational  transitions  that  are  preferentially  populated  by  the  pumping  reaction.  In  a  later 
study^,  the  idealization  of  a  Fabry-Perot  resonator  was  replaced  with  a  more  realistic  unstable  re¬ 
sonator  model.  It  was  found‘d  that  power  spectral  distributions  obtained  with  the  Fabry-Perot 
model  and  the  unstable  resonator  were  almost  identical  as  were  total  power  levels  (differed  by  less 
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than  6%).  It  was  also  shown4  that  the  unstable  resonator  power  would  fluctuate  on  lines  whose 
saturated  gain  did  not  fill  the  resonator.  These  results^.  Showed  qualitative  agreement  with 
experimentally  observed  trends  but  could  not  be  compared  quantitatively  because  of  the  simpli¬ 
fied  chemical-fluid  dynamic  model  employed. 


A  cost  effective  rotational  nonequilibrium  model  which  is  capable  of  predicting  results  that 
are  quantitative  is  desirable  in  order  to  aid  the  laser  designer  and  test  engineer  in  test  plan  pre¬ 
paration  and  data  interpretation.  Two  theoretical  models  which  satisfy  the  cost  efficiency  require¬ 
ment  have  been  reported  by  Sentman^  and  Raymonda  et  al7.  Quantitative  comparisons  between 
theory  and  data  for  the  power  spectral  distributions  have  been  recently  reported  by  Sentman  for 
two  classes  of  lasers.  5.  °  Comparisons  between  experimental  and  theoretical  power  spectral  dis¬ 
tributions  have  shown  good  agreement  for  an  arc  driven  CW  HF  laser,  whereas  significant  dis¬ 
crepancies  between  theory  and  data  were  found  to  exist  for  a  combustion  driven  device^.  The  in¬ 
ability  of  the  theory  to  predict  the  power  spectral  distiibution  in  the  latter  case  has  been  argued  to 
be  attributed  to  an  inaccurate  prediction  of  the  local  translational  temperature. 

In  this  study,  we  continue  to  expand  the  data  base  over  which  rotational  nonequilibrium 
models  have  been  evaluated  in  terms  of  their  ability  to  predict  experimental  observations.  Data 
characterizing  the  two  types  of  laser  cavity  injectors  shown  in  Figure  2  were  theoretically  modeled. 
The  cavity  injector  configuration  determines  the  rate  of  mixing  between  the  lasant  and  oxidizer 
streams  and,  consequently,  the  local  temperature  and  concentrations  in  the  reaction  zone.  The 
theory  used  to  predict  the  zero  power  gain  or  power  spectral  distributions  is  given  in  Section  II 
where  the  three  major  elements  of  the  model  are  described,  i.e.,  (1 )  the  conservation  equations, 

(2)  chemical  kinetics,  and  (3)  the  optics.  Comparisons  between  theoretical  projections  and  ex¬ 
perimental  data  are  given  in  Section  III  and  conclusions  are  given  in  Section  IV. 

II.  GOVERNING  EQUATIONS 

A.  Gas  Medium  Conservation  Equations 

The  conservation  equations  for  the  mixing,  chemically  reacting,  and  lasing  gas  medium  are  re¬ 
duced  to  a  quasi  one-dimensional  form  by  averaging  across  the  mixing  zone  coordinate.  The  details 
of  this  procedure  have  been  reported  previously®.  9  and  will  not  be  repeated  here.  The  equations 
may  be  expressed  in  a  form  which  applies  to  rotational  equilibrium  or  nonequilibrium  reaction 
rate  formulations  and  to  an  arbitrary  optical  configuration.  The  specific  form  of  the  model  for  the 
rate  of  change  of  each  specie  voncentration  due  to  chemical  reaction,  the  Xchj  expression,  will  vary 
with  the  reaction  rate  model.  The  radiative  flux  distribution,  which  appears  in  the  model  for  the 
rate  of  change  of  a  specie  concentration  due  to  simulated  emission,  will  implicitly  reflect  the  specific 
resonator  configuration  being  employed.  Earlier  modeling  efforts^  of  the  resonator  were  restricted 
to  two  plane-parallel  mirrors  satisfying 'the  gain  equals  loss  condition  in  the  geometric  optics  limit. 
This  limitation  has  now  been  removed  in  our  current  models  for  rotational  equilibrium,  the  BLAZE- 
II  code,  and  rotational  nonequilibrium,  the  NORO  II  code. 


B.  Chemical  Kinetics 

The  DF  and  HF  chemical  kinetic  models  10"  13  used  to  compute  the  Xchj  expression  appearing 
as  a  source  term  on  the  right  hand  side  of  the  species  continuity  and  energy  equations  are  described 
in  this  section.  Within  the  rotational  equilibrium  approximation,  it  is  only  necessary  to  solve  for 
the  total  population  in  each  vibrational  state,  ny,  and  determine  the  rotational  distribution,  ny,  J, 
from  the  Boltzman  distribution  function.  Hence,  an  expression  for  Xchj  (y)  >s  required.  Generalizing 
to  the  rotational  nonequilibrium  condition  will  result  in  treatment  of  distinct  vibrational  and  ro¬ 
tational  population  levels,  ny,J,  and  here  expressions  for  the  chemical  reaction  source  term  are  of 
the  form  Xchj  (y.-0- 

The  types  of  reactions  can  be  divided  into  two  general  classes:  (1 )  those  involving  generalized 
collision  partners  and  (2)  those  where  vibrational  energy  is  exchanged  or  pumping  to  a  vibrational 
level  occurs.  The  equilibrium  DF  rate  model  used  in  this  study  has  been  described  and  used  pre¬ 
viously  by  Zelazny  et  al^  to  examine  the  sensitivity  of  predictions  of  laser  power  to  key  assump¬ 
tions  used  in  the  theory.  The  increase  in  the  number  of  dependent  variables  (ny  replaced  by  ny,  J) 
when  considering  rotational  nonequilibrium  effects  results  in  a  significant  increase  in  computer 
solution  time  (in  some  cases  up  to  a  factor  of  ten).  It  was  of  interest  to  examine  the  rotational 
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equilibrium  model  being  employed  to  minimize  the  number  of  reactions  and  dependent  variables 
without  significantly  affecting  predictions  of  specie  profiles,  total  power  and  the  vibrational  power 
distribution.  Computational  experimentation  with  the  model  showed  that  for  the  DF  system  where 
the  cold  reaction  is  dominant,  it  was  only  necessary  to  retain  DF(v)  for  v  =  0,  1,2  and  3  without 
significantly,  changing  the  predicted  power  spectral  distribution.  This  is  shown  in  Figure  3.  The 
rotational  nonequilibrium  model  evolved  from  this  reduced  reaction  set. 

When  rotational  nonequilibrium  is  considered,  it  is  necessary  to  specify  reaction  rates  that 
are  dependent  on  both  the  vibrational  and  rotational  states.  The  rotational  nonequilibrium  re¬ 
actions  may  be  divided  into  five  classes  (1)  pumping,  (2)  collisional  decomposition,  (3)  collisional 
deactivation,  (4)  rotational  relaxation,  and  (5)  V-V  transfer  reactions.  The  form  of  the  reaction 
rates  and  the  rotational  nonequilibrium  DF  reactions  considered  in  the  model  are  given  in  Table  1. 
The  rotational  equilibrium  reaction  rates  used  for  the  HF  system  have  been  modified  *  from 
those  used  in  our  earlier  study9.  These  updated  reaction  rates  are  given  in  Table  2,  and  the  rota¬ 
tional  nonequilibrium  rates  are  given  in  Table  3. 

C.  Optics  Model 

The  conservation  equations  are  coupled  to  the  optical  field  through  stimulated  emission 
processes  which  are  represented  by  the  Xrad  term  appearing  in  the  energy  and  species  conserva¬ 
tion  equations.  The  constant  gain  approximation  for  a  Fabry-Perot  cavity  (two  plane  parallel 
mirrors)  yields  an  equation  for  the  threshold  gain  expressed  in  terms  of  the  mirror  reflectivity  and 
length  of  the  active  medium.  This  approach  to  close  the  governing  equation  system  was  used  in  this 
study. 

III.  COMPARISONS  BETWEEN  THEORY  AND  EXPERIMENT 

The  experimental  data  base  for  combustion  driven  CW  HF  and  DF  lasers  has  grown  con¬ 
siderably  over  the  past  eight  years.  These  data  include  measurements  of  ( 1 )  total  outcoupled  laser 
power  in  stable  and  unstable  resonator  configurations,  (2)  sensitivity  of  output  power  to  optical  axis 
location,  (3)  zero  power  gain  rotational  temperature  distributions  as  obtained  from  chemiluminec- 
ence  data,  (4)  temporally  and  spatially  resolved  output  power  spectral  distributions,  (5 )  sensitivity 
of  output  power  to  the  output  coupling  ratio,  (6)  zero  power  gain  distributions,  (7)  saturated  gain 
distributions,  and  (8)  spectrally  and  spatially  resolved  intracavity  intensities.  Hence,  it  is  now 
possible  to  assess  in  some  detail  the  ability  of  theoretical  models  to  predict  quantitatively  these  ex¬ 
perimental  observations.  As  was  reviewed  by  Zelazny  et  al^,  there  are  numerous  assumptions  that 
are  required  before  a  theoretical  model  can  be  constructed  which  lends  itself  to  solutions  that  are 
reasonable  in  terms  of  computer  core  and  time  requirements.  The  following  paragraphs  des¬ 
cribe  results  of  a  broader  study  *4  directed  toward  evaluating  the  accuracy  of  the  CW  laser  models 
developed  by  Driscoll^  and  Raymonda  et  al^. 

A.  Zero  Power  Gain 

Rotational  relaxation  effects  are  slower  than  stimulated  emission  rates  and  hence  including 
rotational  nonequilibrium  in  a  theoretical  model  to  predict  power  spectral  distributions  is  import¬ 
ant.  In  the  absence  of  a  radiation  field,  a  rotational  equilibrium  theory  is  sufficient  to  characterize 
the  dominant  reaction  processes  and  allow  for  an  evaluation  of  the  ability  of  the  theoretical  model 
to  predict  zero  power  gain  distributions  in  the  laser  cavity.  A  comparison  of  the  zero  power  gain 
predicted  using  the  rotational  equilibrium  and  nonequilibrium  models  are  shown  in  Figure  4  where 
as,  stated,  only  slight  differences  are  observed  in  the  rotational  distribution  of  the  gain.  Implicit  in 
the  exercise  of  comparing  measured  and  predicted  zero  power  gain  is  a  test  of  the  theoretical  pre¬ 
diction  of  the  mixing  rate  of  the  primary  and  secondary  streams  (which  has  a  first  order  influence 
on  specie  concentrations,  pressure,  temperature,  velocity,  and  density).  Therefore,  one  of  the  first 
tests  of  a  laser  performance  model  is  in  its  ability  to  predict  the  zero  power  gain  distribution  in  the 
laser  cavity. 

DF  Laser  with  a  Slit  Nozzle  Array:  The  model  was  used  to  predict  the  zero  power  gain 
generated  downstream  of  a  two-dimensional  nozzle  array.  For  this  device,  the  combustor  pressure 
was  in  excess  of  ten  atmospheres  and  the  combustor  temperature  was  sufficiently  high  to  assure 
greater  than  90%  dissociation  of  the  F2  molecule.  Comparisons  between  data  and  theory,  Figure  S, 
show  that  the  model  correctly  predicts  the  peak  gain  levels  and  the  location  at  which  the  medium 
enters  absorption. 
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HF  Laser  with  an  Axisymmetric  Nozzle  Array:  The  HF  kinetic  rates  given  in  Table  2  were 
used  in  the  model  to  predict  the  zero-power  gain  distribution  downstream  of  an  axisymmetric 
nozzle  array.  The  gains  on  the  v  =  1-0  transition  did  not  go  into  absorption  until  about  4.0  or  more 
centimeters  downstream  compared  to  the  experimentally  observed  distance  of  2.5  or  less  centimeters. 
Similarly,  the  theoretical  prediction  for  the  distance  at  which  the  v  =  2-1  transition  enters  absorption 
is  greater  than  the  experimentally  observed  distance,  Figure  6.  Possible  sources  for  the  cause  in  this 
discrepancy  between  theory  and  data  could  be  due  to  a  combination  of  errors  in  estimating  the  initial 
conditions,  the  mixing  rates,  the  average  cavity  pressure  and  the  reaction  rates.  However,  calculations 
were  made  for  cases  where  the  only  difference  in  the  laser  conditions  was  a  change  in  the  D2  and  H2 
species  to  produce  either  lasing  on  HF  or  DF.  It  was  found  that  good  agreement  between  predicted 
and  measured  zero-power  gain  was  obtained  for  the  DF  laser.  Hence,  it  is  likely  that  the  source  of 
error  is  associated  with  the  HF  reaction  rates.  With  this  in  mind,  theoretical  calculations  were  made 
to  examine  the  sensitivity  of  predictions  of  the  zero-power  gain  to  vibrational-translational  deacti¬ 
vation  and  vibrational-vibrational  energy  exchange  reaction  rates.  It  was  found  that  two  types  of 
modifications  to  the  reaction  rates  could  significantly  improve  the  agreement  between  data  and 
theory.  The  first  type  of  modification  required  increasing  the  fast  V-T  reaction  rates  for  the  HF, 

DF,  and  H  collisional  partners  by  factors  of  2.0,  2.0,  and  5.0.  The  second  type  of  modification, 
which  gave  a  better  correlation  between  theory  and  data  than  the  first  modification,  was  to  increase 
the  rate  of  V-V  exchange  between  H2  and  HF  by  a  factor  of  4.0  over  the  value  given  in  Table  2. 

These  comparisons  between  theory  and  data  are  shown  in  Figure  6a.  The  uncertainty  in  the  V-V 
reaction  rates  is  neatest  for  v  >  1 ;  however,  the  accuracy  of  the  rates  for  v  =  1-0  exchange  are  known 
reasonably  well* *.  When  the  v  =  2-1  rates  for  the  H2-HF  exchange  increased  by  a  factor  of  4.0,  the 
correlation  between  data  and  theory  was  found  to  be  very  poor  as  shown  in  Figure  6b.  The  results 
illustrated  in  Figure  6  lead  us  to  conclude  that  our  current  rate  model  for  the  HF  system  is  question¬ 
able.  Whether  the  error  is  in  the  H2-HF  V-V  exchange  rate,  or  in  a  combination  of  various  rates 
cannot  be  determined  from  the  type  of  test  data  examined  in  this  study. 

B.  Power  Spectral  Distribution 

Rotational  equilibrium  and  nonequilibrium  analyses  were  conducted  for  the  axisymmetric 
and  two-dimensional  nozzle  configurations.  Comparisons  were  made  between  measured  and  ob¬ 
served  power  spectral  distributions.  The  power  spectra  for  a  two-dimensional  combustion  driven 
DF  laser  has  been  shown  to  be  divided  between  the  v  =  1-0,  2-1  and  3-2  levels  by  the  percentages 
of  3 1%,  45%,  and  24%  distributed  over  fourteen  rotational  lines.  This  result  was  obtained  with  an  un¬ 
stable  resonator  with  an  on  axis  threshold  gain  of  0.46%  cm'1 .  Using  the  rotational  equilibrium 
model  and  a  Fabry-Perot  optics  idealization  resulted  in  a  prediction  in  the  vibrational  power  dis- 
tribuiton  which  was  in  excellent  agreement  with  the  data  as  shown  in  Table  6.  However,  the  limi¬ 
tation  of  the  rotational  equilibrium  model  is  that  it  results  in  a  prediction  of  lasing  on  only  one 
rotational  level  for  each  vibrational  level 3  >4,  Hence,  the  rotational  nonequilibrium  model,  NORO II, 
was  used  to  predict  the  experimentally  observed  power  spectral  distributions.  The  prediction  of 
the  observed  power  spectra  for  a  DF  laser  is  shown  in  Figure  7.  It  is  concluded  from  the  compari¬ 
son  shown  in  Figure  7  that  the  model  is  capable  of  predicting  to  within  one  to  two  rotational  lines, 
the  major  lasing  lines  and  the  total  number  of  lasing  lines  to  be  anticipated  for  DF  combustion 
driven  lasers  using  two-dimensional  nozzle  arrays. 

Predictions  were  made  of  the  power  spectral  distributions  in  a  laser  cavity  down¬ 
stream  of  the  axisymmetric  nozzle  array  shown  in  Figure  2.  The  experimental  data  was  obtained 
with  a  stable  resonator  configuration  where  the  beam  was  sampled  by  output  coupling  through  a 
small  hole  located  on  the  optical  axis.  Two  sets  of  mirrors  were  used,  a  99-99%  and  91-76%  mirror 
reflectivity  pairs,  to  examine  the  effect  of  the  threshold  gain  on  the  spectra.  The  theory  predicted 
those  lines  which  contained  the  greatest  proportion  of  energy  to  within  a  single  rotational  level 
for  both  the  high  and  low  reflectivity  case.  Power  was  observed  on  the  v  =  1-0  and  2-1  transitions 
with  the  v*  1-0  transition  containing  56%  of  the  energy  for  the  99-99%  reflective  mirrors  and  67% 
of  the  energy  for  the  91-76%  mirror  pair.  The  theoretical  prediction  of  the  power  split  between  the 
v  =  1-0  and  2-1  levels  was  found  to  be  insensitive  to  the  reduced  reflectivity,  i.e.,  the  predicted  per¬ 
cent  of  power  changed  from  51%  to  50%  for  the  v  =  1-0  level.  This  result  indicates  that  the  theory 
predicts  a  higher  degree  of  saturation  than  experimentally  observed.  Comparisons  between  the 
theoretical  predictions  and  experimental  data  are  shown  in  Figures  8  and  9. 

IV.  CONCLUSIONS 

An  investigation  was  conducted  to  evaluate  the  two  theoretical  models  for  CW  HF/DF 
lasers  in  terms  of  their  ability  to  predict  zero  power  gain  and  power  spectral  distributions.  Two 
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types  of  laser  nozzle  configurations  were  examined  -  the  axisymmetric  and  slit  nozzle  arrays.  The 
main  conclusions  were: 

•  The  zero  power  gain  for  the  DF  lasers  was  accurately  predicted  in  terms  of  peak  gain 
and  location  at  which  the  medium  enters  absorption.  These  results  indicate  that  the 
DF  reaction  model  has  no  significant  shortcoming. 

•  The  HF  laser  modeling  showed  a  significant  shortcoming  in  our  ability  to  predict 
observed  zero  power  gains.  The  discrepancy  between  theory  and  data  could  be  mini¬ 
mized  by  increasing  the  V-V  energy  exchange  rate  between  H2  and  HF.  These  results 
suggest  that  the  uncertainty  in  the  HF  reaction  rate  model  is  significantly  greater  than 
in  the  DF  reaction  rate  model. 

•  The  rotational  nonequilibrium  predictions  of  power  spectra  for  both  the  HF  and  DF 
lasers  are  in  good  agreement  with  experimental  data.  Rotational  equilibrium  models 
can  not  predict  lasing  on  more  than  one  rotational  level  per  vibrational  band. 
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Combustion  Driven  Laser  Figure  2.  Two  Types  of  Chemical  Nozzle  Geometries 
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Figure  3.  Effect  of  Using  a  Reduced  DF  Reaction  Rate  Model  on  the  Predicted  Power  Spectral  Distribution  for  a  DF  Laser. 
( - Full  Rate  Package, - Reduced  Rate  Package) 


Figure  6ta ).  Experimental  and  Theoretical  Zero  Power  Gains  for  a  HF  Laser  Using  an 
Axisynunetric  Nozzle  Amy  Showing  Effects  of  Changes  to  Select  Rate  Constants  -  F  2  Oxidizer 
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Figure  7.  Experimental  and  Theoretical  Power  Spectral  Distribution  of  a  DF  Laser  Using  a  Two* Dimensional  Nozzle  Array 
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HIGH  GAIN  CO  CHEMICAL  LASER 
PRODUCED  IN  A  SHOCK  TUNNEL 


M.  Tilleman  and  J.  Strieker 


Department  of  Aeronautical  Engineering 


Technion  -  Israel  Institute  of  Technology,  Haifa  32000,  Israel 


Experimental  and  theoretical  results  of  small  signal  gain, 
in  CO  chemical  laser  produced  in  a  shock  tunnel,  are  pre¬ 
sented.  Thermal  dissociation  of  CS2  into  CS+S  is  accomplish¬ 
ed  by  a  reflected  shock  wave.  The  dissociated  products, 
diluted  in  Ar ,  expand  through  a  supersonic  nozzle  with  an 
area  ratio  of  40  into  a  conbustian  chamber.  Molecular  oxy¬ 
gen  is  supersonically  injected  at  the  nozzle  exit.  The  two 
streams  mix  and  combustion  takes  place  in  which  vibration-  / 
ally  excited  CO  is  produced  by  the  CS+O^CO* (v) +S  reaction. 

Gain  measurements  of  P7  (14)  line  were  made  at  distance's 
of  5.5  and  11.5  cm  downstream  of  the  oxygen  injection  point, 
with  stagnation  pressure  of  25  atm.  Stagnation  temperatures 
were  varied  in  the  range  of  2500-4600°K  and  mixtures  of 
CS2 *Ar  between  5*95  and  30*70  were  tested.  A  maximum  gain 
of  8%  cm--’-  was  observed  for  CS2tAr»20*80  at  stagnation  temp¬ 
erature  of  about  4000 °K  at  a  distance  of  11.5  cm. 


A  semiempirical  model,  describing  the  fuel-diluent  ex¬ 
pansion  through  the  supersonic  nozzle  and  the  fuel-oxidizer 
mixing  process,  was  developed.  The  good  agreement  found 
between  the  experimental  and  computational  results  enables 
the  utilization  of  the  mathematical  model  for  better  under¬ 
standing  of  the  processes  involved  in  laser  operation.  Max- 
inum  gains,  in  the  mixing  zone,  of  16  and  17%cm*l  were  cal¬ 
culated  for  v«12-+’ll  and  v=20-*19  lines,  respectively.  Con¬ 
siderable  gain  was  obtained  for  v=l-+0  transiticxi .  The  cal¬ 
culations  indicate  that  gains  remain  positive  through  large 
distances  downstream  from  the  injectors. 


INTRODUCTION 


The  conventional  CO  chemical  laser  operates  on  the  reaction  sequence* 
CS2  +  0  -*■  CS  +  SO  (1 

CS  +  0  -*•  C0*(v)  +  S  (2 


S  +  o.-*-  SO  +  0 


(3 


Fueling  the  laser  directly  with  CS,  which  means  elimination  of  reaction  1,  has 
the  advantage  of  a  reduced  oxygen  atoms  requirement.  The  CS  fueled  00  lasers 
have  been  studied  extensively,  both  theoretically  and  experimentally^”  . 


-•t,v4aa. 
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Jeffers,  et  al.  demonstrated  the  effectiveness  of  a  CS  fueled  laser  over  a 
similar  CS.  fueled  laser.  The  CS  was  produced  by  dissociation  of  CS2  in  a 
microwave  discharge,  which  could  supply  a  limited  amount  of  CS.  The  require¬ 
ment  of  oxygen  atoms  supply  and  the  low  values  of  CS:CS2  obtained  (^0 .5) 
limited  the  laser  performance.  The  development  of  a  thermoelectric  CS  gas 
generator  enabled  the  laser  operation  with  CStCS2  values  up  to  1.6  and  with 
reduced  atomic  oxygen  supply.  Maximum  output  power  of  about  94W,  maximum 
specific  power  of  67  kJ/lbm  and  maxinum  small  signal  gain  (s.s.g.)  of  ‘'<1.3%ai 
were  obtained. 

In  1978,  Richardson  and  Wiswall3-^  first  operated  a  supersonic  combustor- 
driven  chemical  CO  laser.  In  this  laser,  the  combustor  is  fueled  with  NF  - 
CH.-I^-CS.  and  produces  a  mixture  of  CS2 ,  CS  and  S  with  side  products  of  HF 
and  Ni.  The  mixture  is  supersonically  mixed  with  02.  Due  to  the  high  values 
of  CS/CS2  and  S/CS  achieved  (5  and  0.05  respectively) ,  o  atom  supply  was  not 
necessary t  the  chain  reaction  between  CS  and  0_  was  initiated  by  S  atoms. 
Maximum  power  of  700  W  with  specific  energy  or  4.5  J/gr  was  obtained.  A 
comparison  between  the  power  observed  and  power  predicted  by  a  computational 
model,  indicated  that  the  laser  performance  could  be  greatly  improved  by 
eliminating  the  presence  of  the  HF  molecules  and  by  further  increasing  both 
CS/CS2  and  S/CS  ratios. 

This  work  presents  an  experimental  and  theoretical  investigation  of  a 
gas dynamical -driven  CO  chemical  laser  operated  with  very  high  CS-to-CS2  and 
S-to-CS  ratios.  Diluted  in  argon ,  CS2  is  thermally  dissociated  by  a  reflected 
shock  wave  in  a  shock  tube .  The  dissociated  products  are  preserved  by  super¬ 
sonic  expanding  through  a  nozzle  into  a  combustion  chamber  where  molecular 
oxygen  is  supersonically  injected.  The  numerical  model  developed  describes 
the  fuel -diluent  mixture  expansion  through  the  supersonic  nozzle  and  the  super¬ 
sonic  mixing.  The  model  includes  chemical  reactions,  vibrational-rotational- 
translational  (V-R-T)  energy  transfer  processes  and  radiation  emission.  Since 
a  precise  modeling  of  the  mixing  zone  is  very  complicated  a  simplified  semi- 
empirical  approach  was  adopted. 

EXPERIMENTAL 

The  pressure  driven  shock  tube  has  been  described  previously  in  Ref.  8. 

The  tube,  8  cm  I.D.,  ends  with  a  two-dimensional  contoured  supersonic  nozzle, 
shown  schematically  in  Fig.  1.  The  nozzle,  of  0,8  an  throat  and  area  ratio  of 
40,  is  separated  from  the  low  pressure  chamber  by  a  thin  Mylar  diaphragm  which 


Fig .  1 .  Schematic 
description  of  the  main 
and  injection  nozzles 
(lower  part  of  the 
figure) . 


bursts  upon  arrival  of  the  incident  shock  wave , 
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Three  pairs  of  5  cm  I.D.  ports  are  located  on  the  nozzle  side  walls  at 
distances  of  28,  88  and  148  mm  downstream  of  the  nozzle  throat,  in  the  first 
pair,  two  convergent-divergent  injection  nozzles,  shown  in  Fig.  1,  are  install¬ 
ed.  The  throat  of  the  injection  nozzle  is  of  1  mm  width  and  of  a  height  equal 
to  the  main  nozzle  outlet  height.  The  divergent  section  of  the  injectors 
open  with  a  constant  angle  of  20°  to  area  ratio  of  3  at  the  exit.  The  nozzles 
are  inclined  to  the  tunnel  axis  by  an  angle  of  20°.  The  second  and  third 
ports  serve  as  windows  both  for  gain  and  for  lasing  experiments.  A  pair  of 
8  x  10  cm  crystal  glass  windows,  shown  in  Fig.  1,  are  mounted  on  the  upper 
and  lower  walls  of  the  constant  area  chamber  following  the  nozzle.  These  win¬ 
dows  were  used  for  schlieren  measurements  and  combustion  layer  photography. 

The  main  nozzle  is  exhaused  into  a  500  liter  dump  tank. 

The  single-mode  single-line  electrical  CO  probe  laser  as  well  as  the 
experiments^  set-up  for  small  signal  gain  measurements  have  been  described 
previously . 

Shock  speed  measurements  were  made  by  means  of  two  platinum  films  located 
at  a  distance  of  10  and  50  cm  from  the  end  of  the  low  pressure  section.  The 
gauges  are  connected  through  a  pulse  amplifier  to  a  counter.  Stagnation 
pressures  were  measured  with  a  Kistler  603A  piezoelectric  transducer,  located 
close  to  the  end  of  the  low  pressure  chamber.  The  high  pressure  is  achieved 
both  by  the  reflected  shock  wave  and  by  the  exothermic  dissociation  of  the 
CS2  .  The  pressures  were  also  calculated  by  solving  the  shock  conservation 
and  the  thermochemical  equations.  The  agreement  between  measurements  and 
calculations  was  within  10%.  The  stagnation  temperature  was  determined  from 
the  same  calculations. 

.  -4 

Prior  to  each  experiment  the  shock  tube  was  evacuated  to  10  torr  and 

the  nozzle  and  damp  tank  to  about  0.1  torr.  After  the  CO  electrical  laser 
was  tuned  to  a  selected  line,  the  low  pressure  chamber  was  filled  up  with  a 
prepared  testing  mixture .  Finally ,  the  oxygen  jet  supply  was  actuated  and 
the  high  pressure  chamber  was  continuously  pressurized  up  to  the  bursting 
pressure  of  the  diaphragm. 

The  materials  used  in  these  experiments  werei  Herzlia  Argon  99.5%  pure, 
Merck  CS2  99.5%  pure,  I ,B ,  Miller  O2  and  N2  99.5%  pure.  Airco  pure  helium 
was  used  as  the  driver  gas.  The  materials  were  dry  and  contained  impurities 
of  N2  and  O2  in  atmospheric  proportions. 

NUMERICAL  MODEL 

In  this  section  the  numerical  model  is  briefly  presented,  a  detailed 
description  of  the  model  and  further  computational  results  are  given  in 
Ref.  6. 


The  model  describes  the  expansion  of  the  CS/S/Ar  mixture  through  the 
supersonic  nozzle  and  the  mixing  between  this  flow  and  the  injected  oxygen. 

The  model  includes  chemical  reactions,  V-R-T  energy  transfer  processes  and 
radiation  emission  processes  occurring  in  the  mixing  region.  In  the  present 
analysis  each  of  the  20  CO  vibrational  levels  considered  is  treated  as  a 
separate  species,  in  rotational  equilibrium.  Since  the  precise  modeling  of 
the  mixing  zone  is  very  conqplicated, a  simplified  semi -empirical  approach  was 
adopted.  The  boundaries  of  the  mixing  zone  as  well  as  the  effects  on  the  main 
flow  of  the  injected  oxygen  have  been  determined  experimentally .  The  size  of 
the  mixing  zones  was  measured  directly  by  photographing  the  combustion  zone ) 
a  typical  picture  is  shown  in  Fig.  2.  In  the  figure  the  light  area  shows  the 
luminous  reaction  zones  where  the  dark  area  represents  the  flow  region  of  the 
unzeacted  fuel. 

The  overall  effects  of  the  shear  layer,  separating  the  fuel  and  oxidizer 
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flows  and  of  the  oblique  shook  waves  resulting  from  flow  compression,  were 
estimated  by  measurements  of  the  variation  of  the  main  flow  Mach  number  down¬ 
stream  from  the  injection  points.  This  was  done  by  measuring  the  angles  of 
oblique  shock  waves  generated  in  the  flow  by  a  two-dimensional  wedge  inserted 
into  the  test  section.  The  shock  waves  were  visualized  by  schlieren  photog¬ 
raphy.  These  measurements  were  performed  with  either  N2  of  Ar  in  the  maun  flow 
(so  that  no  chemicail  reactions  occur)  and  repeated  with  different  oxygen  injec¬ 
tion  flow  rates . 


Fig.  2:  photograph  of 
combustion  layer .  Stag¬ 
nation  conditions:  4100°K, 
27  atm.,  CS2sAr  =  20s80. 


WINDOW  1  WINDOW  2 


Calculations  of  the  mixing  zone  properties  were  based  on  the  following 
assumptions : 

(i)  Hie  flow  is  uniform  on  planes  transverse  to  flow  axis. 

(ii)  The  unreacted  flow  region  is  divided  into  a  number  of  stream  layers. 
It  was  assumed  that  on  crossing  the  mixing  zone  boundaries ,  each  of  the 
streams  mix  instantaneously  with  the  reacting  flow  in  the  mixing  zone . 

(iii)  The  new  stream  quantities  are  determined  by  integrating  the  gene  rail - 
ized  one -dimensional  flow  equations  (including  heating  and  area 
variations),  simultaneously  allowing  chemical  reactions,  V-V  and  v-T 
energy  transfer  processes  and  spontaneous  emission. 


The  computed  quantities ,  i  .e  . ,  temepratures ,  pressures  chemical  conposition 
and  vibrational-rotational  distribution  of  CO  molecules,  were  used  for  s.s.g, 
calculations .  Average  s.s.g.  values,  over  the  whole  optical  path  of  the  probe 
laser,  were  also  calculated  to  compare  directly  with  experimental  results. 
Details  of  chemicad.  reactions  considered,  chemical  rate  constants,  V-V  and  V-T 
energy  transfer  and  spontaneous  emission  rates  are  given  in  Ref.  6  and  8. 


RESULTS  AND  DISCUSSION 


Garin  measurements  were  made  at  a  distance  of  11.5  cm  downstream  from  the 
O2  injection  points,  at  window  number  2,  for  P7(14)  line  corresponding  to 
X»5 .1886  ym.  The  small-signal  gain , y  ,  was  determined  according  to: 

y  -  i  ln(I/Io) 


where  L  is  the  nozzle  width,  I  is  the  incident  intensity  of  the  probe  laser 
and  I  is  the  instantaneous  laslr  intensity  during  the  test.  All  experiments 
were  performed  with  a  stagnation  pressure  of  25±3  atm.  and  with  a  CS2 :02 
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volumetric  ratio  of  1:1*  It  has  to  be  emphasized  that  the  measured  gain 
coefficients  are  average  values  over  the  mixing  non-zero  gain  regions  and  the 
unreacted- fuel  zero  gain  region. 

Fig.  3  shows  s.s.g.  variation  of  P7(14),  as  a  function  of  stagnation  temp¬ 
erature,  for  different  CS2:Ar  concentrations.  The  figure  indicates  a  fairly 
good  agreement  between  experimental  and  calculated  results.  Maximum  gain  of 
v2%  cm"l  was  observed  at  stagnation  temperature  of  4500°K  for  CS2 :Ar  =  5:95, 

-v6%  cm-1  at  4000°K  for  CS2 lAr  -  10:90,  ^7.5%  cm-1  at  39Q0°K  for  CS2:Ar  =  20:80 
and  v7.5%  cm  at  3400°K  for  CS2 * Ar  =  30:70.  Two  competing  effects,  resulting 
from  increasing  stagnation  temperature,  are  responsible  for  these  maxima.  On 
the  one  hand,  high  temperatures  enhance  formation  of  excited  CO  by  accelerating 
the  chemical  reactions,  while  on  the  other  hand,  as  temperatures  rise,  de¬ 
excitation  of  vibrationally  excited  CO  by  collisions  becomes  more  and  more 
significant , 


Fig.  3:  small  signal  gain  of  P7(14)  Fig.  4:  small  signal  gain  of  P7(14) 
line  vs.  stagnation  tempera  line  vs.  initial  CS  concen- 

ture  for  CS_  :Ar  =  5:95,  1Q;90,  tration  for  T  .  =  3000,  3500 

and  30:70.  i  4000°K. 

Fig.  4  shows  experimental  and  theoretical  gains  for  P7(14)  vs.  initial 
CSj  concentrations.  Results  are  shown  for  three  values  of  stagnation  temper¬ 
atures:  3000,  3500,  and  4000°K.  This  shows  that  up  to  CS2  concentrations  of 
about  25%  gain  increases,  whereas  for  larger  values  of  CS2  concentrations  a 
sharp  drop  in  s.s.g.  occurs.  Maximum  gain  of  8%  cm-*  was  observed  for  CS^Ar 
«  20:80  at  the  stagnation  temperature  of  4000°K.  This  value  is  relatively  very 
high  for  CO  chemical  lasers^ 7 .  In  the  low  CS2  concentration  region,  gain 
rises  since  the  more  CS2  available  the  more  CO  is  produced.  The  sharp  drop 
in  gain  at  higher  CS2  concentrations  is  caused  by  two  effects:  a)  Enhanced 
CO  vibrational  relaxation  due  to  increase  in  COS  and  SO2  concentrations , while 
Ar  concentration  is  being  reduced  (COS  and  SO2  cue  known  as  very  efficient 
vibrational  energy  relaxing  molecules) .  b)  The  enhanced  vibrational  relaxation 
process  affects  the  flow  over  longer  distances  downstream  of  the  injectors 
since  the  consumption  of  CS  (or  formation  of  CO)  becomes  very  fast  and  is 
coapleted  ci^se  to  the  oxygen  injectors . 

S.s.g.  profiles  for  CS2 :Ar  -  10:90  and  different  stagnation  temperatures 
are  shown  in  Fig.  5. 
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Fig.  5:  Small  signal  gain  of  Py(14) 
line  vs.  distance  along  the 
nozzle.  The  oxygen  inject¬ 
ors  are  located  at  x-0. 

The  solid  lines  and  the 
broken  lines  represent 
theoretical  results  for 
average  gain  and  combustion 
zone  gain,  respectively. 


The  solid  lines  present,  as  before,  the  calculated  average  s.s.g.  while  the 
broken  lines  show  the  calculated  s.s.g.  in  the  combustion  layer.  The  experi¬ 
mental  results  shown  in  the  figure  are  measured  at  distances  of  5.5  and  11.5 
cm  downstream  from  the  injectors.  From  the  figure  it  can  be  seen  that  both 
the  average  gain  profile  and  the  combustion-layer  gain  profile  reach  a 
maximum.  The  higher  the  stagnation  temperature  the  shorter  the  distance  where 
the  maximum  occurs.  Once  the  maximum  is  reached  the  relaxation  of  gain  is 
quite  slow. 

The  quantitative  good  agreement  found  between  the  numerical  and  experi¬ 
mental  results  suggests  the  use  of  the  model  for  additional  investigation  of 
gain  mechanism”.  Fig.  6  shows  calculated  maximum  gains  (with  respect  to 
rotational  levels)  vs.  vibrational  level  at  various  locations  downstream  of 
the  flow. 


( 

t 


Fig.  6:  Cal  ciliated  maximum  gains 

(with  respect  to  rotational 
levels)  vs.  vibrational 
level  at  12  and  15  cm  down¬ 
stream  from  the  injectors. 

T  -4000#K,  P  -25  atm., 
st  *  st  ’ 

-  CS2:Ar-5:95; - 10:90 

—  —  30:70  and  •  •  •  •  60 :40 . 
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The  curves  shown  are  those  calculated  in  the  combustion  zone.  It  is  seen 
from  the  figure  that  very  high  gains  are  attained  further  away  from  the 
injectors,  mainly  for  v«8-14 .  It  is  interesting  to  note  that  significant 
gains  are  also  obtained  in  the  1-K)  transition  for  CS^  mole  fractions  of  10-30%. 

SUMMARY 


The  main  results  of  the  present  investigation  are  as  follows: 

a.  High  gains  were  measured  for  stagnation  tenperatures  of  3500  to 

4000°K  and  for  CS2:Ar  concentrations  of  20:80  to  30:70,  The  maximum 
gain  observed  for  P7(14)  line  was  8%  cm-*  at  Tst»3800,,K  and  CS2:Ar  « 
20:80.  Gains  of  the  order  of  16%  cm_l  were  calculated  in  the 
combustion  zone  for  V“12-»ll  and  v“20-KL9  transitions. 


The  existence  of  relatively  high  gains  through  large  distances  down¬ 
stream  of  the  O2  injectors,  indicates  that  the  excited  CO  molecules 
undergo  quite  a  slow  relaxation.  This  makes  the  CO  chemical  laser 
attractive  compared  to  the  HF  chemical  laser^. 


c.  The  fairly  good  agreement  between  experiments  and  calculations 

indicates  that  the  set  of  chemical  rates  and  energy  transfer  rates 
used  in  this  study  is  quite  accurate. 


d.  Significant  gains  were  calculated  for  v-l-*0  lines. 
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SHOCK/LUDWIEG-TUBE  DRIVEN  HF  LASER 


David  A.  Russell  and  George  W.  Butler 
Aerospace  and  Energetics  Research  Program 
University  of  Washington,  Seattle,  Washington  98195,  USA 


A  laboratory  facility  has  been  constructed  for  study  of  the 
highly-coupled  cw  HF/DF  chemical  laser.  F2/diluent  oxidizer 
gases  are  heated  at  the  end  wall  of  a  rectangular  shock  tube 
and  expanded  through  a  screen  nozzle  to  the  test  section. 

Unheated  H2  fuel  is  simultaneously  supplied  to  the  screen 
nozzle  from  a  Ludwieg  tube.  The  supersonic  streams  mix  and 
react  downstream,  and  multimode  power  is  extracted  by  a 
simple  cavity.  The  power  is  repeatable  and  shows  some 
agreement  with  a  quasi  1-D  model  under  development.  Operat¬ 
ing  features  and  capabilities  of  the  facility  are  discussed, 
and  its  usefulness  for  systematic  study  indicated. 

INTRODUCTION  ^ 

The  HF/DF  chemical  laser  is  one  of  the  most  powerful  cw  systems  known, with 
a  maximum  vibrational  energy  storage  of  2( 1 0) 3  J/gm  of  initial  F2  burned  in  the 
cold  reaction.  The  F2  oxidizer  and  H2  or  D2  fuel  are  typically  expanded  in 
separate  streams,  and  mixed  and  reacted  to  produce  a  population  inversion  in 
the  product  state.  Supersonic  expansions  are  used  to  control  the  upstream  ex¬ 
tent  of  the  reaction,  to  provide  proper  lasing  conditions,  and  to  rapidly  re¬ 
move  waste  heat  and  deactivating  products.  The  buildup  of  the  latter  limits 
the  axial  extent  of  the  lasing  zone  and  leads  to  the  use  of  fine-scale  multi 
(screen)  nozzles.  These  in  turn  introduce  boundary  layers,  wakes,  base  regions, 
and  flow- turning  shock-systems  into  the  shear  layer  environment.  The  layers 
thus  have  complex  initial  and  external  flow  sources,  in  addition  to  beinq 
transitional  in  nature.  Energy  release  within  the  layers  causqs  a  displacement 
effect  leading  to  a  system  of  "reaction  shock-"  that  further  modify  the  enter¬ 
ing  gas.  The  energy  release  is  large;  indeed,  extra  gas  flow  and/or  cross- 
sectional  area  relief  are  needed  to  prevent  choking.  The  kinetics  of  the  las¬ 
ing  process  are  thus  intimately  coupled  to  the  fluid  flow. 

A  recent  paper  (ref.  1)  provides  an  excellent  overview  of  the  actual  per¬ 
formance  of  the  HF/DF  chemical  laser.  State-of-the-art  lasers  are  complex  to 
build  and  expensive  to  run,  while  theoretical  modelling  will  usually  lag  behind 
physical  insight.  This  paper  discusses  a  laboratory  facility  for  studying  the 
HF/DF  laser  that  is  flexible,  safe,  and  inexpensive  to  operate.  The  facility 
was  first  reported  at  the  previous  symposium  (ref.  2).  The  present  paper  up¬ 
dates  that  work  to  include  power  extraction  measurement  from  a  screen  nozzle 
designed  for  the  study  of  shear  layer  performance.  The  facility,  screen  nozzle, 
and  optical  system  are  describe?  in  the  next  section,  followed  by  a  discussion 
of  operating  conditions  and  test  times  available.  A  section  on  methods  then 
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Figure  1.  Shock/Ludwieg-tube  facility  (insert  shows  screen  nozzle  schematic) 

precedes  one  on  typical  measurements.  Finally,  there  is  a  discussion  of  shear- 
layer  power  output,  in  which  a  quasi  1-D  model  currently  under  development 
(ref.  3)  is  used  to  aid  interpretation  of  the  measurements. 

THE  FACILITY 

General  Description 

Figure  1  shows  the  shock/Ludwieg-tube  facility  in  the  configuration  used 
for  the  present  study.  The  gas  mixture  containing  the  oxidizer  is  shock 
heated  in  the  5x20x750  cm  tube.  Reflection  of  the  shock  ruptures  a  thin  pre¬ 
scribed  A1  diaphragm  and  the  partially  dissociated  gas  expands  through  the 
screen  nozzle  to  a  5x20x90  cm  long  test  section.  Unheated  fuel  is  simultane¬ 
ously  supplied  to  the  screen  nozzle  and  test  section  from  the  7.5  i .d.  x600  cm 
Ludwieg  tube.  Synchronization  is  accomplished  by  using  a  double  diaphragm  to 
start  the  shock  tube  and  an  electronically  delayed,  solenoid-operated  cutter 
to  break  a  Mylar  diaphragm  in  the  Ludwieg  tube.  The  supersonic  fuel  and  oxidi¬ 
zer  streams  mix  and  react  downstream  of  the  nozzle  and  exit  to  a  2.5  m3  dump 
tank.  Beginning  at  a  juncture  at  10  cm,  the  top  and  bottom  walls  of  the  test 
section  are  diverged  at  1/4°  to  compensate  for  turbulent  boundary  layer  growth. 
The  driven  tube,  screen  nozzle  and  test  section  are  constructed  of  aluminum, 
the  driver  and  Ludwieg  tube  of  stainless  steel.  Regular  buna-N  "0"  rings  are 
used  throughout. 

A  screen  nozzle  was  manufactured  with  individual  10°  conical  half-angle 
expansions  of  area  ratio  10  and  exit  diameter  of  0.5  cm.  Ten  degree  conical 
relief  was  applied  to  the  subsonic  side,  leaving  throat  regions  one  throat- 
diameter  long.  The  expansions  are  close  packed  in  the  nozzle,  with  column 
spacing  of  0.45  cm  resulting  in  an  effective  downstream  base-to-exlt  cross- 
sectional  area  ratio  of  0.10.  The  ten  oxidizer  expansions  in  each  column  are 
fed  directly  by  the  shock  tube,  whereas  the  nine  fuel  expansions  in  adjacent 
columns  are  connected  through  a  manifold  to  the  Ludwieg  tube  (see  insert).  An 
extra  fuel  column  is  provided  next  to  the  side  walls  to  reduce  window  etching; 
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altogether  the  screen  nozzle  produces  42  equivalent  2-D  oxidizer/fuel  mixing 
layers  downstream. 

Piezoelectric  pressure  transducers  are  used  to  time  the  initial  shock 
wave,  and  to  measure  the  pressure  8.3  cm  upstream  of  the  screen  nozzle  and  in 
the  fuel  manifold.  Figure  2  is  a  schematic  of  the  cavity  showing  its  major 
components.  Two  5.5-cm  i.d.  x0.6-cm  thick  CaF2  flats  were  fitted  to  the  test- 
section  side-walls  with  0-ring  seals  and  a  metal  mask  to  provide  2-cm  high  rec¬ 
tangular  windows  which  extend  4-cm  downstream  of  the  screen  nozzle  exit.  The 
optical  cavity  is  formed  by  a  5-cm  dia  10-m  Au-coated  mirror  and  a  5-cm  Ge-flat 
output  coupler  separated  by  -v75  cm.  Power  output  is  focused  by  a  10-cm  CaF2 
lens  to  a  -^0.5  cm  spot  size  on  the  face  of  a  Gentec  ED-200  pyroelectric  calori¬ 
meter.  A  fast-response  PbSe  photo-conductive  cell  is  offset  to  receive  a  re¬ 
flected  signal  from  the  calorimeter  face  in  order  to  monitor  the  temporal  be¬ 
havior  of  the  output.  The  entire  optical  system  is  isolated  from  the  shock 
tube  on  a  translating  platform  suspended  from  the  laboratory  ceiling. 

Operating  Conditions 

The  reduced  cross-section  driver  and  a  square  cross-section  diaphragm  re¬ 
ceiver/transition  section  cause  secondary  waves  upstream  of  the  contact  surface 
with  predicted  real-gas  shock-tube  performance  as  shown  on  Figure  3.  Here  P4 
and  P]  are  the  initial  driver  and  driven  tube  pressures,  while  Pol  and  T01  are 
the  oxidizer  total  pressure  and  total  temperature  after  shock  reflection.  The 
solid  lines  indicate  P4/Poi  values  while  dashed  curves  represent  P4/P] .  The 
calculations  (ref.  4)  were  for  N2  driving  into  a  mixture  of  5%  F2  in  A,  and  for 
He  into  5%  F2  in  He.  With  the  exception  of  pure  A  honesty  runs,  these  were  the 
gas  combinations  used  for  the  present  study.  Pol  was  chosen  at  a  nominal  2.8 
atm  for  the  A  and  1.5  for  the  He  gas  mixtures,  with  nominal  T01  of  1100°K  and 
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Figure  2.  Cavity  optics 


Figure  3.  Shock-tube  performance;  solid  lines  P4/P01 .  dashed 

P4/P1  (A4/A1  =0.44;  Adiaph/Al  =0.26;  Aextract/Al  =  0.05; 

Xf2  =  0.05;  T]  =  300°K) 

long,  and  expands  to  a  length  of  -\-1.4  L  after  passage  through  the  screen 
nozzle.  Viscous  effects  (ref.  5)  are  calculated  to  reduce  all  of  these  times 
and  lengths  by  a  factor  of  ^2.  The  test  time  for  each  pressure  plateau  in  the 
Ludwieg  tube  is  ^2.0  times  the  L/ai  appropriate  to  it.  Nozzle  and  cavity 
starting  times  are  expected  to  be  short  compared  to  the  test  times  available. 

The  optical  cavity  has  a  Fresnel  number  of  ^40,  and  thus  should  operate 
multimode  with  the  full  gas  volume  participating.  It  was  nominally  centered 
1.2-cm  downstream  of  the  nozzle  exit  for  the  A-runs  and  1.4-cm  for  the  He-runs, 
this  being  midway  between  the  power  on  and  off  points  given  by  calculation 
(ref.  3)  to  be  discussed  later. 

EXPERIMENTS 

Methods 

Commercl ally- prepared  oxidizer  mixtures  were  used  which  had  HF  impurity 
listed  as  -0.2%  of  the  F2  present.  The  A  and  He  diluents  and  the  H2  fuel  were 
stated  pure  to  within  10  ppm,  except  for  He  in  the  H?.  The  tubes  and  dump  tank 
were  pumped  through  LN2  cold  traps  to  %10-3  and  ■vlO"*  torr  respectively.  For 
most  of  the  runs  the  oxidizer  was  processed  through  a  commercial  HF  trap  and 
the  fuel  thrr  •'’h  a  LN2  cold  trap.  Outgassing  rates  of  -ly/hr  were  maintained 
for  the  tubes  <.nd  for  the  dump  tank  by  minimizing  time  open  to  the  atmosphere. 
The  shock  tube  and  screen  nozzle  were  carefully  passivated  to  insure  against 
F2  depletion  to  the  walls.  By  storing  no  more  than  10  1  atm  of  F2  in  the  lab¬ 
oratory,  a  minimum  of  10  ppm  HF  worse-case  spill  standard  could  be  met. 

The  optics  were  aligned  prior  to  each  run  using  the  HeNe  laser  reflected 
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through  the  2-mm  hole  in  the  10-m  mirror  (Figure  2).  The  optical  table  was 
first  adjusted  so  that  this  beam  passed  through  the  same  location  on  each  CaF2 
window.  The  Ge-flat  was  then  adjusted  to  center  the  reflected  spot  back  on  the 
laser  exit  pinhole.  A  mylar  film  placed  in  front  of  the  flat  would  then  show 
an  image  of  the  2  mm-mirror  hole.  Alignment  was  completed  by  adjusting  that 
mirror  to  center  the  image  on  the  main  reflection.  The  calorimeter  was  calibra¬ 
ted  using  a  cw  HF  laser,  a  cw  power  meter  (Coherent  Radiation  Laboratories  Mo¬ 
del  201),  and  an  electronic  shutter.  Measured  response  was  12  V/J±10%,  with  no 
dependence  on  pulse  length  detectable  for  power  on  times  up  to  2(10)- 3  sec.  The 
transmissivity  of  the  combined  Ge  flat  and  CaF2  window  was  measured  to  be  0.31. 
Assuming  59%  reflection  and  10%  absorption,  with  95%  reflection  and  5%  absorp¬ 
tion  at  the  mirror,  the  power  fraction  coupled  out  was  calculated  (ref.  6)  to 
be  0.71. 

An  accelerometer  at  the  double  diaphragm  station  was  used  to  provide  a  de¬ 
layed  signal  for  the  Ludwieg  tube  cutter  when  A-diluent  test  gases  were  used; 
however,  it  was  found  necessary  to  delay  directly  from  the  double-diaphragm  so¬ 
lenoid  signal  for  the  He-runs  because  of  the  increased  speed  of  the  shock  wave. 
Facility  operation  was  very  repeatable.  The  use  of  substantial  over  pressure 
and  impulse  typically  resulted  in  clean  diaphragm  breaks,  with  measured  shock 
speed  variation  for  a  given  run  condition  <0.5%. 

Measurements 

Representative  plenum  pressure  traces  are  shown  on  Figure  4.  The  left-hand 
figure  is  from  an  A-diluent  run,  the  right-hand  a  He-run.  Note  that  both  Lud¬ 
wieg  tube  (P02)  pressures  exhibit  a  9(10) -3  sec  plateau  before  return  of  the 
expansion,  in  agreement  with  the  predicted  2  L/ai.  While  the  amplitude  is  re¬ 
duced  for  the  He-run  in  proportion  to  the  initial  charge  pressure,  the  traces 
are  identical  in  character. 

The  figure  shows  initiation  of  the  oxidizer  flow  just  past  the  midpoint  of 
the  fuel  flow  in  both  cases.  Expanded  scale  traces  of  P01  show  the  initial 
jump  is  followed  by  a  substantial  dip  before  the  approximately  constant  level 
is  established.  This  dip  is  due  to  the  diaphragm  opening  process  and  its 
effects  may  carry  through  to  the  power  traces  as  discussed  below.  The  Pol  pla¬ 
teau  lasts  for  2-3(10)"’  sec  (^0.1  L/ai)  'for  the  A-run,  after  which  compression 
waves  from  the  shock  interaction  with  the  contact  surface  reflect  back  and  forth 
to  double  the  pressure  by  the  time  the  unadulterated  test  gas  is  exhausted.  This 
is  expected  at  10-15(10)"3  sec  (-\£.5  L/ai),  and  it  is  followed  by  the  arrival  of 


Figure  4.  Representative  plenum  pressure  histories  (Tqi  =  1100°K;  left 
traces  for  A-diluent,  right  for  He-diluent) 
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the  reflected  driver  expansion-wave  and  subsequent  reduction  of  Pol •  The  ini¬ 
tial  speed  of  sound  is  increased  by  2.7  for  the  He-run,  reducing  the  initial 
oxidizer  plateau  to  ^10-3  sec.  Strong  reflections  follow  which  raise  Pol  by  a 
factor  of  4  before  the  expansion  wave  returns  from  the  driver,  these  events  now 
also  occurring  at  a  compressed  time. 

Open-shutter  chemiluminescent  photographs  have  been  taken  looking  down  on 
the  cavity  flow  (ref.  2).  These  show  orange  light  from  overtone  HF  emissions 
produced  by  the  burning  of  the  H2  and  F  in  each  shear  layer.  The  layers  remain 
distinct  and  separate  for  this  screen  nozzle,  and  the  42  burning  interfaces  are 
clearly  visible. 

Figure  5  reproduces  PbSe  detector  power  traces  taken  during  the  runs  of 
Figure  4.  The  vertical  scale  was  calculated  by  equating  the  integral  of  the 
profile  to  the  calibrated  calorimeter  output.  Note  that  substantially  more  po¬ 
wer  is  produced  for  the  He-diluent  case.  The  power  typically  starts  with  a 
spike.  This  is  most  likely  due  to  an  initial  burst  of  oxidizer  accelerated 
through  the  nozzle  as  the  shock-tube  diaphragm  opens,  but  it  may  also  be  asso¬ 
ciated  with  a  burning-front  starting-process  in  the  cavity.  Figure  5  shows 
that  the  interval  associated  with  it  scales  inversely  with  aj,  as  would  be  ex¬ 
pected  in  either  case.  The  spike  is  followed  by  a  power  pulse  of  a  duration  in 
approximate  agreement  with  the  Pol  plateau.  Indeed,  earlier  cavity  wall- 
pressure  measurements  clearly  identify  the  start  of  the  rapid  pressure  rise  with 
the  power  fall  off.  While  model  calculations  (ref.  3)  predict  total  power  in¬ 
creases  as  the  Pol  and  Toi  rise,  the  width  of  the  lasing  zone  in  the  flow  direc¬ 
tion  is  expected  to  decrease  by  over  a  factor  of  4.  As  discussed  below,  this 
could  explain  the  rapid  power  fall  off. 

Honesty  runs  for  which  pure  A  was  substituted  for  the  oxidizer  mixture  pro¬ 
duced  no  power.  Further,  no  effects  of  increased  gas  purity,  i.e.,  use  of  dif¬ 
fusion  pumps,  repassivation  or  double  flushing  before  a  run,  were  evident. 
While  no  direct  check  of  F2  content  was  available,  runs  with  separately  ordered 
bottles  and  with  a  locally  mixed  bottle  showed  no  mixture  trends.  F2  dissocia¬ 
tion  in  the  shock-heated  gas  was  calculated  to  have  characteristic  times  on  the 
order  of  10-4  sec,  so  that  equilibrium  chemistry  predictions  were  considered  va¬ 
lid.  A  concern  about  possible  backflow  of  fuel  through  the  oxidizer  nozzles 
prior  to  shock-tube  diaphragm  burst  led  to  experiments  in  which  the  cavity  and 
dump  tank  were  initially  filled  to  'vIO  torr  with  pure  He.  While  starting  pro¬ 
cesses  were  sped  up  for  the  A-runs,  there  was  no  effect  on  overall  performance. 


Figure  5.  Representative  power  histories  (runs  of  Figure  4) 
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The  location  of  the  cavity  center  was  found  to  be  important  when  the  las¬ 
ing  zone  was  predicted  to  be  of  small  axial  extent.  In  such  cases  mirror  cur¬ 
vature  could  cause  the  beam  to  wander  from  the  gain  path  into  a  high-loss  re¬ 
gion  of  the  flow.  This  was  particularly  true  for  the  higher  temperature  A-runs 
where  the  combination  of  fast  kinetics  and  low  velocities  reduced  predicted  la¬ 
sing  length  to  a  small  fraction  of  a  centimeter.  Avoiding  uncertainties  asso¬ 
ciated  with  such  narrow  gain  regions,  power  repeatability  appeared  to  depend 
primarily  on  the  precision  of  cavity  alignment. 

DISCUSSION 

The  calibrated  power  output  from  runs  such  as  those  of  Figure  5  was  divi¬ 
ded  by  the  number  of  shear  layers  (42),  by  the  cavity  height  (2  cm),  and  by  the 
fraction  of  power  outcoupled  (0.71)  and  plotted  on  Figure  6.  Toi  was  obtained 
by  real -gas  calculation  from  the  measured  shock  velocity  and  pressure  ratio, 
P0l/Pi .  There  is  some  uncertainty  in  the  data  due  to  errors  in  integrating  the 
power  curve  and  losses  and  calibration  error  in  the  calorimeter.  Thus  accuracy 
of  the  order  of  the  symbol  size  is  expected.  Some  low  power  runs  with  erratic 
power  profiles  have  been  excluded.  The  scatter  of  the  data  on  Figure  6  is  a 
maximum  of  +25%  from  the  mean  at  each  of  the  three  nominal  run  conditions. 

There  is  a  trend  toward  increased  power  with  Tgi  for  the  A-runs,  while  the  He- 
runs  show  over  an  order-of-magnitude  increase  in  power  output. 

Calculations  by  a  new  quasi-l-D  model  of  the  HF  laser  are  shown  for  com¬ 
parison  on  Figure  6.  This  model  (ref.  3)  includes  non-ideal  expansion  losses, 
base  flow  regions,  exit  pressure  imbalance,  and  entrainment  into  layers  that 
grow  linearly  until  merging,  and  have  instantaneous  mixing  and  heat  release. 

The  lasing  model  of  Broadwell  (ref.  7)  is  used,  which  assumes  three  excited 
vibrational-states  for  HF  with  rotational  levels  in  translational  equilbrium. 
Reservoir  inputs  to  the  calculation  are  the  fuel  and  oxidizer  compositions 
and  values  of  Pg  and  Tg;  expansion  inputs  are  the  wall  angles,  exit  diameters, 

and  area  ratios  of  the 
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expansions,  a  wall  recom¬ 
bination  parameter,  and 
the  base  area;  and  fin¬ 
ally,  cavity  parameters 
are  the  2-D  height  of 
the  base  flow  recompres¬ 
sion  zone  ana  its  axial 
location,  the  degree  of 
base  flow  combustion,  the 
entrainment  half  angle, 
and  the  ratio  of  entrain¬ 
ment  angles  of  the  two 
streams.  For  the  present 
calculations  recombina¬ 
tion  was  neglected,  the 
recompression  zone  height 
and  axial  location  taken 
to  be  0. 1  and  1 .5  times 
the  effective  2-D  base 
width  respectively,  base 
combusion  was  set  to  zero, 
the  entrainment  half  an¬ 
gle  to  0.5°,  and  the  ra¬ 
tio  of  entrainment  angles 
to  1 . 


Figure  6.  Closed  cavity  power  (comparison  with 
theory  of  reference  3 ) . 
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Increasing  Tq]  increases  the  dissociation  of  F2  which  approaches  90%  at 
1500°K.  The  laser  runs  primarily  on  the  cold  reaction  (F  +  H2->- HF*  +  H)  with  an 
overabundance  of  fuel  present.  Thus  power  depends  strongly  on  the  concentra¬ 
tion  of  F.  Although  the  pumping  rate  constants  increase  with  T,  the  increased 
local  concentration  of  ground-state  HF  enhances  deactivation  and  begins  to  re¬ 
duce  power  at  higher  Toi -  The  mass  flux  difference  between  the  oxidizer  and 
fuel  streams  results  in  large  mixing  losses  when  A-diluted  oxidizers  are  used. 
These  losses  increase  local  T  and  P,  and  thus  speed  up  the  reactions  and  shut 
off  the  process  before  much  gas  can  be  entrained  into  the  shear  layer.  Heavier 
oxidizer  mixtures  travel  slower  and  this  also  compresses  the  lasing  zone.  The 
predicted  effects  are  large  and  are  seen  to  be  more  than  borne  out  by  the  ex¬ 
periments. 

While  all  fluids-related  parameters  can  significantly  influence  laser  per¬ 
formance  (ref.  3),  the  entrainment  angle  is  particularly  important.  Increases 
in  this  quantity  move  the  laser  towards  premixed  performance,  reducing  the  rel¬ 
ative  importance  of  deactivation  collisions  and  allowing  larger  nozzle  scales 
for  efficient  use  of  the  flow  cross-section.  Lasing  is  predicted  to  turn  on  at 
M  expansion  exit  diameter  downstream  and  turn  off  at  ^5  diameters  or  2.5  cm 
for  the  conditions  of  the  He-runs.  Less  than  10%  of  the  available  gases  will 
have  been  entrained  by  this  distance  downstream.  The  shear  layers  are  thus  far 
from  merged  by  the  time  lasing  is  completed.  Changes  in  the  entrainment  rate 
should,  therefore,  directly  effect  the  total  power  or  power-per-shear-layer  on 
Figure  6. 

While  the  0.5°  used  is  reasonable  (ref.  3),  it  was  chosen  only  as  a 
first  approximation.  Indeed,  the  layers  are  most  likely  laminar  in.  nature,  re¬ 
quiring  a  parabolic  rather  than  linear  entrainment  rate  in  the  calculation. 
Further,  the  growth  rate  of  a  laminar  He-diffusion  layer  is  almost  double  that 
for  A.  These  facts  may  partially  explain  why  the  He-diluent  prediction  is  a 
factor  of  ^2  below  the  experiments  while  that  for  A  is  almost  a  factor  of  2 
above.  Various  attempts  to  enhance  the  mixing  through  increased  diffusion- 
layer  surface  area  have  been  reported  in  the  literature. 

It  is  concluded  that  the  present  facility  provides  a  versatile  and  inexpen¬ 
sive  means  of  exploring  the  fundamentals  of  cw  HF/DF  laser  performance  over  a 
wide  range  of  conditions  and  configurations.  Preliminary  power  measurements 
have  been  repeatable  to  ±25%,  and  it  is  expected  this  can  be  increased  with  re¬ 
finement  of  timing  and  alignment  procedures.  Converting  to  tailored  operation 
offers  the  prospect  of  4-5  times  larger  test  times.  Further  work  is  needed  on 
cavity  positioning,  particularly  when  narrow  lasing  zones  are  predicted,  before 
a  systematic  study  is  undertaken  of  shear  layer  mixing  enhancement  and  other 
fluid  phenomena  important  to  this  laser. 
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A  series  of  shock  tube  experiments  were  performed  to  deter¬ 
mine  the  temperature  dependence  of  the  absorption  coeffi¬ 
cient  of  water  vapor  at  high  temperatures  on  the  P(16) , 
P(18)  and  P  (20)  10.6  y  CC>2  laser  transitions.  Measure¬ 
ments  were  made  behind  both  incident  and  reflected  shock 
waves  encompassing  a  temperature  range  from  600  K  to  3700  K 
at  pressure  from  1  to  40  atmospheres  in  2,  5,  and  10  mole 
percent  water  vapor  in  argon  gas  mixtures;  a  limited  num- 
4  ber  of  runs  were  conducted  using  10  mole  percent  mixtures 
of  water  vapor  in  hydrogen  or  nitrogen.  Conditions  at 
several  temperatures  were  sufficiently  varied  to  investi¬ 
gate  the  effects  of  broadening  on  the  absorption  coeffi¬ 
cient.  Within  the  narrow  spectral  range  from  944  to  848 J c 
covered  in  the  measurements,  no  significant  variation 
in  the  absorption  coefficient  was  observed  as  a  function 
of  laser  wavelength,  water  concentration,  total  pressure, 
or  collision  partner .,-rThese  observations  suggest  that  the 
water  lines  are  sufficiently  broadened  to  act  as  a  con¬ 
tinuum  absorber  under  conditions  to  be  found  in  a  laser- 
heated  rocket  thruster.  The  measured  laser  high  temper¬ 
ature  absorption  coefficients  are  50  percent  lower  than 
the  value  obtained  from  the  Ludwig  empirical  curve  fit 
to  low  resolution  data. 


INTRODUCTION 

A  laser-heated  rocket- thruster  converts  laser  energy,  beamed  from  a  re¬ 
motely  stationed  laser,  into  thrust  by  using  the  laser  radiation  to  heat  the 
propellant.  This  technique  provides  a  distinct  advantage  over  conventional 
chemical  rocketry  by  yielding  a  high  specific  impulse  (greater  than  1000  s-1) 
vs.  approximately  500  s~l  for  chemical  rockets)  at  high  thrust  levels  (poten¬ 
tially  greater  than  1000  lb) ;  however,  significant  technological  advances  in 
the  design  and  development  of  high  power  laser  facilities,  pointing  and  track¬ 
ing  systems,  and  collection  optics  will  be  required  before  laser-heated  thrus¬ 
ters  leave  the  laboratory.  Either  pulsed  or  continuous  wave  (CW)  lasers  can 
be  used  as  the  radiation  source.  To  obtain  the  highest  specific  impulse  for 
a  given  temperature,  hydrogen  is  the  propellant  of  choice.  “4  A  10.6  micron 
CO2  laser  is  a  potential  candidate  as  the  source  of  the  laser  radiation. 

The  only  absorption  mechanism  for  pure  hydrogen  at  this  wavelength  is  in¬ 
verse  bremsstrahlung,  which  requires  the  presence  of  electrons.  Ionization  of 
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the  hydrogen  and  the  production  of  electrons  is  initiated  only  at  temperatures 
between  7000  K  to  11,000  K,  depending  on  the  pressure.  Thus,  pure  hydrogen 
must  be  heated  to  absorb  the  laser  energy. 

In  a  pulsed  laser  propulsion  system,  this  heating  is  accomplished  by  focus¬ 
ing  the  laser  beam  to  create  a  laser- induced  breakdown.  The  hot,  rapidly  ex¬ 
panding  plasma  drives  a  laser-supported  detonation  (LSD)  wave  into  the  sur¬ 
rounding  cool  hydrogen.  This  gas  is  heated  to  extremely  high  temperatures 
(around  20,000  K) ,  ionizes,  and  the  electrons  generated  behind  the  LSD  wave 
absorb  the  laser  energy  to  sustain  the  propagation  of  the  wave.  The  propaga¬ 
tion  of  the  wave  continues  until  the  intensity  of  the  laser  beam  drops  below 
the  level  required  to  sustain  the  wave  or  until  the  pulse  ends.  The  heated 
gas  then  expands  in  the  rocket  nozzle  creating  thrust.  Laboratory  scale  proof 
of  concept  experiments  at  10.6  y  yielding  specific  impulses  over  1000  s-^,  have 
been  conducted  at  PSI  and  have  demonstrated  the  feasibility  of  this  system.^'® 

CW  laser-heated  thrusters  with  pure  hydrogen  propellant  operate  in  a  sim¬ 
ilar  manner.  In  this  thruster,  when  laser  radiation  is  focused  into  a  plasma, 
a  laser-supported  combustion  (LSC)  wave  is  created.  If  the  gas  flow  velocity 
into  the  thrust  chamber  is  matched  to  the  wave  velocity,  then  a  stationary 
"flame"  front  is  created.  Hydrogen  passing  through  the  flame  front  is  heated 
and  ionized.  The  electrons  generated  by  the  ionization  absorb  by  inverse 
bremsstrahlung ,  and  sustain  the  wave.  One  problem  with  this  type  of  thruster 
is  that  there  may  be  severe  radiative  heating  of  the  chamber  walls  by  the 
stationary  20,000  K  plasma.  Seeding  the  hydrogen  with  an  easily  ionizable  sub¬ 
stance,  such  as  cesium,  has  been  proposed  as  one  method  to  lower  the  operating 
temperature  of  the  thruster  and  therefore  reduce  the  heat  load  on  the  walls. 

If  the  hydrogen  is  seeded  with  a  molecule  that  absorbs  at  low  temperatures 
then  the  system  is  simplified.  First,  no  LSC  wave  need  be  sustained  to  heat 
the  hydrogen,  allowing  greater  flexibility  in  the  setting  of  gas  flow  rates. 
Second,  and  perhaps  more  important,  the  operating  temperature  is  substantially 
lower  and  thus  the  heat  load  on  the  chamber  walls  is  reduced.  The  problem  is 
to  find  a  low  molecular  weight,  low  temperature  absorber  that  will  not  decom¬ 
pose  to  any  significant  degree  below  3500  K  to  4500  K,  the  temperature  range 
of  a  thruster  operating  with  specific  impulses  between  1000  s~*  and  2000  s-1. 

Water  and/or  ammonia  have  been  proposed  as  possible  candidates  for  ab¬ 
sorbers  at  10.6  y.  Water  is  particularly  attractive  since  significant  dis¬ 
sociation  does  not  occur  until  the  temperature  exceeds  3500  K.  Low  resolution, 
broad  band  spectra  of  water  vapor  in  flames  indicated  that  the  absorption  co¬ 
efficient  at  high  temperature  near  10.6  y  would  be  acceptable  for  a  thruster. 
However,  the  high  energy  levels  in  the  water  molecules  are  not  well  known;  thus 
it  was  necessary  to  conduct  measurements  on  the  10.6  y  laser  transitions  P(16), 
P(18),  P  (20)  found  in  high  power  CW  CO2  lasers  to  determine  if  there  was  any 
wavelength  dependence  on  the  absorption  coefficient. 

EXPERIMENTAL 

The  experimental  absorption  coefficient  measurements  were  performed  behind 
both  incident  and  reflected  shocks.  The  shock  tube  has  a  five  foot  long  by 
1.5  inch  i.d.  driver  and  a  15  foot  long  by  1.5  inch  i.d.  driven  Section.  The 
optical  measurements  are  made  through  anti-reflection  coated  zinc  sulfide  win¬ 
dows  mounted  one  inch  from  the  end  wall  in  a  five  foot  long  by  1.31  inch  square 
test  section  coupled  to  the  driven  section  with  a  three  inch  long  constant 
area  transition  piece.  Shock  pressure  is  measured  by  four  piezoelectric  trans¬ 
ducers  located  at  one  foot  intervals  along  the  test  section.  The  shock  velo¬ 
city  is  determined  by  the  time  of  arrival  of  the  shock  wave  at  successive 
stations.  The  last  transducer  is  located  at  the  optical  port  to  allow  for  a 
direct  correlation  of  the  optical  signal  with  total  pressure. 


The  shock  heated  gas  mixtures  consisted  of  2  to  10  mole  percent  H2O  in 
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either  Ar,  H2  or  N2-  Extreme  care  went  into  the  preparation  and  loading  of 
the  water  vapor/gas  mixtures  to  insure  that  the  H2O  would  not  condense  out  and 
change  the  gas  composition.  The  tube  and  all  associated  hardware  were  main¬ 
tained  at  320  K  to  permit  the  loading  of  up  to  0.1  atm  of  H2O  vapor  without 
condensation.  (In  actual  practice,  no  more  than  0.05  atm  of  H2O  vapor  was 
loaded  into  the  system.)  Fresh  gas  mixtures  were  made  for  each  run.  The  sys¬ 
tem  was  evacuated  only  to  a  vacuum  of  1-10  y  to  avoid  removing  the  monolayer 
of  water  on  the  walls.  Typically,  the  system  was  exposed  to  water  vapor  by 
filling  and  evacuating  the  tube  several  times  just  prior  to  the  final  fill  be¬ 
fore  the  shock  to  further  stabilize  the  walls.  No  changes  in  pressure  with 
time  were  observed  either  after  making  a  mix  and  storing  it  in  the  mixing  tank 
or  after  loading  the  gas  in  the  shock  tube  prior  to  a  test.  Degassed,  deion¬ 
ized  water  was  stored  in  a  flask  attached  to  an  end  of  the  mixing  tank  as  the 
source  of  water  vapor.  Typical  H2O  partial  pressures  ranged  from  16  to  30 
torr  depending  on  the  mixture  desired.  The  fill  pressure  was  monitored  by  a 
Validyne  pressure  transducer  with  a  0.2  torr  sensitivity.  Other  gases  were 
taken  directly  from  the  cylinder  without  further  purification. 

The  stated  minimum  purities  were:  Ar,  99.996%;  H2,  99.995%;  N2,  99.99%. 

To  insure  good  mixing  in  the  mixing  tank,  the  dilluent  gas  was  injected  into 
the  mixing  tank  through  a  spray  bar  running  down  the  center  of  the  tank. 

Twenty  0.040"  holes  on  the  bar  at  three  inch  intervals  created  swirling  to  pro¬ 
mote  rapid  mixing. 

A  single-mode  line-tuned  CW  CO2  laser  was  used  as  the  source  of  the  laser 
radiation.  The  output  beam  was  split  into  two  components  by  a  salt  beam  split¬ 
ter.  About  90%  of  the  beam  was  directed  to  a  salt  diffuser  located  in  front 
of  the  entrance  window.  This  diffuser  was  employed  to  increase  the  sensitivity 
of  the  detection  system  by  reducing  Schlierien  effects.  Radiation  from  the 
exit  window  was  collected  by  a  germanium  lens,  and  focused  on  an  HgCdTe  de¬ 
tector  through  a  narrow  band  10.6  y  interference  filter  (FWHM  0.15  y) .  The 
filter  was  used  to  block  out  water  emission  at  all  but  the  laser  wavelengths. 

No  emission  was  observed  within  the  laser  bandpass  when  the  laser  was  turned 
off  as  long  as  the  filter  was  in  front  of  the  detector.  The  basic  sensitivity 
of  the  absorption  system  is  estimated  to  be  around  0.2%  for  a  1:1  signal  to 
noise  level . 


The  remaining  10%  of  the  laser  radiation  is  sent  through  a  10  cm  path- 
length  absorption  cell  and  into  a  Scientech  laser  power  meter  to  determine  the 
laser  wavelength.  The  room  temperature  laser  absorption  coefficients  of  ethy¬ 
lene  have  been  accurately  measured,^  and  by  measuring  the  ethylene  absorption 
coefficients  it  is  possible  to  identify  the  laser  transition  without  using  a 
spectrometer . 

The  absorption  coefficient  a  was  determined  using  the  measured  optical 
transmission,  I/IG,  tota]  pressure  P,  path  length,  t*,  the  ini  _ial  mole  frac¬ 
tion  of  H2O,  Xh20»  an<^  the  calculated  fractional  dissociation  at  the  equilib¬ 
rium  temperature,  fj  by  the  following  equation: 


-1  „  -1 
cm  -atm 


£n  (Io/I) 

f  x  p  l 
T  H^O  atm  cm 


Temperatures  behind  the  incident  and  reflected  shocks  were  determined  us¬ 
ing  the  measured  incident  shock  velocity,  the  initial  pressure  and  gas  compo¬ 
sitions  as  input  parameters  to  the  PSI  full  equilibrium  real  gas  shock  program. 
Agreement  between  the  calculated  and  measured  shock  pressure  ratios  was  ex¬ 
cellent. 

Experimental  data  are  collected  and  stored  in  a  computer-controlled  CAMAC 
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based  data  acquisition  system.  The  system  is  built  around  two  LeCroy  Waveform 
Digitizers.  Each  unit  can  simultaneously  sample  four  analog  signals  at  a  1 
MHz  rate,  and  has  a  10-bit  32  K  word  memory  that  will  store  eight  millisec¬ 
onds  of  data.  After  a  test,  the  data  is  transferred  to  a  PRIME  400  computer 
for  immediate  preliminary  analysis  and  storage. 

RESULTS 

The  majority  of  the  tests  were  conducted  using  argon  as  the  diluent  gas 
instead  of  hydrogen,  since  it  is  much  easier  to  drive  a  shock  into  a  heavier 
gas.  Measurements  were  made  behind  both  incident  and  reflected  shocks  encom¬ 
passing  a  temperature  range  from  600  K  to  3700  K  at  pressure  from  1  to  40  atm 
in  2,  5  and  10  mole  percent  water  vapor  in  argon  gas  mixtures.  At  the  lowest 
temperatures,  little  or  no  absorption  was  observed,  particularly  behind  the 
incident  shock  where  the  pressures  are  low.  At  the  highest  temperatures,  one 
third  of  the  laser  radiation  was  absorbed  by  the  hot  gas  in  the  3.31  cm  path- 
length. 

At  several  temperatures  the  total  pressure  behind  the  shock,  and  the  par¬ 
tial  pressure  of  water  in  the  gas  was  varied  sufficiently  to  assess  the  effect 
of  pressure  and  water  vapor  concentration  o.  the  absorption  coefficient  on  each 
of  the  three  laser  transitions  of  interest.  For  exanple,  there  was  no  change 
in  the  value  of  the  absorption  coefficient  for  total  pressure  ranging  from  5 
to  40  atm  at  2250  K  on  any  of  the  laser  transitions  (see  Fig.  1) .  At  the  same 
temperature,  plots  of  £n  I0/I  vs.  Pp^o#-  have  a  constant  slope  indicating  that 
the  absorption  depends  solely  upon  the  line  density  of  molecules  in  the  laser 
path.  No  significant  variations  in  the  H2O  absorption  coefficient- were  ob¬ 
served  among  the  three  laser  transitions  for  a  given  temperature  within  ex¬ 
perimental  uncertainty.  (See  Fig.  2.) 


Figure  1  Plot  of  absorption  coefficients 
vs.  total  pressure  at  2250  K  on 
P(18)  laser  transition  for  H2O/ 
Ar  mixtures. 


Figure  2  Plot  of  In  I0/I  vs. 

pH20l  at  2250  K  on 
P (16)  transition  for 
H20/Ar  mixtures. 
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Nine  tests  were  conducted  using  10%  H20/H2  gas  mixtures  between  600  K  and 
1400  K.  These  H20  absorption  coefficients  fall  within  H20/Ar  data  collected 
in  the  same  temperature  range.  Two  tests  with  10%  H20/N2  gas  mixtures  were 
also  conducted  on  the  P(18)  CO2  transitions  and  these  also  overlap  the  H20/Ar 
data.  All  the  data  collected  along  with  the  Ludwig  empirical  curve  fit  is  plot¬ 
ted  in  Fig.  3. 


TmPERAT'JR£  IK) 


Figure  3  Experimental  absorption 
coefficients  vs.  temper¬ 
ature  -  includes  H20/Ar, 
H20/H2,  and  H20/N2  data 
for  all  three  laser 
transitions. 


DISCUSSION 

The  experimental  observation  that  changes  in  total  gas  pressure,  the  par¬ 
tial  pressure  of  the  water,  or  the  collision  partner  with  small  changes  in  the 
laser  wavelength  do  not  significantly  change  the  value  of  the  absorption  co¬ 
efficient  of  H2O  vapor/gas  mixtures  over  the  ranges  of  pressures  and  temper¬ 
atures  encompassed  by  these  measurements  is  not  surprising. 

A  continuum  absorption  will  be  obtained  at  any  temperature  if  the  lines 
involved  in  the  absorption  are  broadened  into  each  other.  As  the  temperature 
rises  the  density  of  states  increases  so  that  the  degree  of  broadening  re¬ 
quired  to  complete  the  overlap  decreases. 

The  positions  of  the  high  temperature  water  lines  are  not  known  with  suf¬ 
ficient  accuracy  to  allow  a  line  by  line  calculation  of  the  absorption  coeffi¬ 
cient.  There  are  enough  low  resolution  data  available  to  make  a  reasonable 
estimate  of  the  absorption  coefficient  at  a  given  wavelength  and  temperature. 
Ludwig  and  his  coworkers  have  conducted  many  measurements  of  water  vapor  emis¬ 
sion  from  plumes  and  flames,®  empirically  correlated  all  available  low  resolu¬ 
tion  spectra, 9/10  an<j  obtain  an  expression  for  the  temperature  and  pressure 
dependence  of  the  absorption  coefficient  averaged  over  a  25  cm-1  spectral 
range . 

The  band  model  used  by  Ludwig  determines  an  average  rotational  line  spac¬ 
ing  vs.  temperature.10  His  equation  for  the  average  spacing  as  a  function  of 
temperature  is  d(T)  cm_i  =  exp  (-  0.00106  TK  +  1.21).  The  primary  broadening 
mechanism  under  the  experimental  conditions  is  collisional  broadening.  The 
collisional  broadening  parameters  for  all  the  species  of  interest  are  known 
at  room  temperature, 11  and  using  these  values  it  is  a  simple  matter  to  deter¬ 
mine  the  pressure  required  to  broaden  a  line  to  an  extent  that  the  linewidth 
equals  the  average  line  spacing.  Above  this  pressure  the  absorption  will  be 
a  continuum.  These  plots  for  the  gases  tested  in  this  study  are  shown  as 
Fig.  4. 

For  the  pressure  conditions  required  in  the  operation  of  a  CW  laser- 
heated  thruster,  this  simple  approach  predicts  sufficient  broadening  to  assume 
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Figure  4  Total  pressure  required 
to  collisionally  broaden 
lines  to  the  average  line 
spacing  vs.  temperature. 


Figure  5  Recommended  values  for 
temperature  dependence 
of  H2O  absorption  co¬ 
efficient. 


a  continuum  absorption  mechanism.  Our  data  closely  approximates  a  curve  50% 
lower  than  Ludwig's  empirical  fit.  This  is  not  unexpected  either  since  there 
is  some  structure  in  the  high  temperature  water  spectra  in  the  10.6  micron 
region.  Low  resolution  spectra  recorded  in  the  944-948  cm-1  region  of  the 
spectra  appear  to  be  slightly  below  Ludwig's  averaged  value. 

No  absorption  was  observed  below  1000  K.  This  results  from  a  combination 
of  short  path  length,  low  pressure,  and  low  absorption  coefficients.  In  sev¬ 
eral  other  measurements  it  has  been  observed  that  the  absorption  coefficient 
increases  quadradically  with  increasing  pressure  and  is  independent  of  wave¬ 
length.  This  continuum-like  phenomenon  has  been  attributed  to  absorption  by 
water  dimers.  The  weakly  bound  complexes  dissociate  as  the  temperature  in¬ 
creases,  and  their  dissociation  is  suppressed  by  increasing  pressure.  The 
functional  form  of  the  low  temperature  absorption  has  been  described  by  Roberts 
and  his  coworkers. T4  Combining  our  high  temperature  experimental  measurements 
fitted  to  a  value  50%  of  Ludwig's  predictions,  and  Roberts  low  temperature 
observations,  a  plot  of  the  temperature  dependence  of  the  absorption  coeffi¬ 
cient  of  H2O  can  be  generated  for  all  possible  operating  regimes  of  a  CW  laser- 
heated  thruster.  This  plot  is  shown  in  Fig.  5. 

CONCLUSIONS 

No  significant  variation  in  the  absorption  coefficient  was  observed  as  a 
function  of  laser  wavelength,  water  concentration,  total  pressure,  or  colli¬ 
sion  partner  within  the  narrow  spectral  range  from  944  to  948  citM  covered 
in  the  measurements.  These  observations  suggest  that  the  water  lines  are  suf¬ 
ficiently  broadened  to  act  as  a  continuum  absorber  under  conditions  to  be 
found  in  a  laser-heated  rocket  thruster.  The  laser-measured  high  temperature 
absorption  coefficients  are  50  percent  lower  than  the  value  obtained  from  the 
Ludwig  empirical  curve  fit  to  low  resolution  data. 


For  a  practical  CW  laser-heated  thruster  it  is  estimated  that  a  propellant 
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absorption  coefficient  of  10-2  atm-1  -cm-1  will  be  required.3'4'13  The  absorp- 
tlon  coefficient  of  water  vapor  does  not  reach  this  value  when  the  gas  temper¬ 
ature  exceeds  1500-1700  K.  High  temperature  operation  will  not  present  pro¬ 
blems,  but  there  could  be  a  potential  start-up  problem  for  a  simple  H2O/H2  pro¬ 
pellant  system,  and  other  low  temperature  absorbers  may  be  required. 
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Use  of  very  fast  flow  play  a  leading  part  in  the  development 
of  high  repetition  rate  high  average  power  ultraviolet  la¬ 
sers.  Moreover  the  very  low  temperature  achievable  by  use 
of  adiabatic  expansion  permits  a  strong  increases  of  the  la¬ 
ser  or  fluorescence  optical  power  available  for  numerous 
systems . 

The  aim  of  the  paper  is  to  present  new  results  on  ultravio¬ 
let  and  visible  laser  and  fluorescent  emissions  obtained 
with  the  supersonic  flow  e-beam  excitation  and  supersonic 
flow  e-beam  sustained  or  assisted  discharge  excitation 
I.M.F.M.  device  (Ludwieg  tube  type  blowdown). 

Particular  emphasis  will  be  made  on  the  possibilities  of 
the  e-beam  assisted  discharge  for  the  development  of  very 
fast  flow  high  average  power  XeCl  laser  (X  =  3080  A)  whom 
potential  applications  are  numerous  noticeably  in  the  fields 
of  selective  photochemistry,  energetics  and  long-range 
communications . 


INTRODUCTION 

Interest  for  high  average  power  ultraviolet  or  visible  laser  development 
is  rapidly  growing  up  owing  to  numerous  potential  applications  such  as  selec¬ 
tive  photochemistry  and  isotope  separation,  long-range  atmospheric  and  under¬ 
water  communications,  etc.  In  the  table  I  are  summarized  some  of  the  potential 
applications  of  this  class  of  lasers.  The  rare  gas  excimer  and  mercury  halide 
lasers  are  presently  by  far  the  most  powerful  and  efficient  among  U.V.  and 
visible  high  power  lasers^'. 


( 


When  high  average  power  high  efficiency  lasers  are  considered 
(P  >  1  kW  ,  r|  >  1  %)  optimization  of  active  medium  characteristics  (tempera¬ 
ture,  pressure,  mixture)  is  needed.  Moreover  use  of  fluid  mechanics  techniques 
is  necessary  to  rapidly  carry  away  heat  and  waste  products  and  damp  strong 
acoustic  waves  generated  by  the  energy  suddenly  deposited  into  the  gas  medium. 
These  problems,  already  present  in  the  case  of  infrared  lasers, are  much  more 
critical  in  the  case  of  high  average  power  ultraviolet  and  visible  lasers. 
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TABLE  I-Some  potential  applications 
lasers 

A)  Photochemistry 

.  Isotope  separation 
.  Selective  chemical  purification 
.  Chemical  reaction  catalysis 

B)  Excitation  of  other  lasers 

.  Dye  laser  pumping 
.  Raman  shifting 

C)  Long  range  energy  transfer 

.  Strategic  communications 
.  Laser  interactions  with  targets 


of  high  average  power  U.V.  and  visible 

D)  Surface  interactions 

.  Product  marking 
.  Annealing 
.  Photo  lithography 

E)  Inertial  confinement  fusion 

.  Rapier  -  Lawrence  Livermoi  Lab. 
.  Plasma  diagnostics 

F)  Spectroscopy 

.  excited  state  generation 
.  Harmonics  to  V.U.V. 


This  paper  underlines  first  the  problems  related  with  the  control  of  opera¬ 
ting  conditions  and  the  homogeneity  of  the  flowing  active  medium  in  high  avera¬ 
ge  power  U.V.  and  visible  lasers.  In  a  second  part  are  summarized  the  results 
achieved  at  I.M.F.M.  on  supersonic  flow  low  temperature  e-beam  and  e-beam  sta¬ 
bilized  discharge  excimer  lasers  and  on  intensity  increase  of  some  interesting 
fluorescent  emissions  when  lowering  the  temperature.  In  a  last  part  are  presen¬ 
ted  recent  results  concerning  the  possibilities  to  excite  the  active  medium  by 
means  of  a  high  repetition  rate  electric  discharge  assisted  by  an  electron  or 
X-rays  beam  in  order  to  fully  take  profit  of  the  fast  flow  in  the  frame  of  high 
average  power  excimer  laser  development. 

AERODYNAMIC  CONTROL  OF  LASER  OPERATING  CONDITIONS 


In  the  case  of  electronic  molecular  transition  lasers  and  more  particu¬ 
larly  when  high  average  power  is  considered,  the  active  medium  temperature 
control  is  a  serious  constraint.  The  active  medium  temperature  may  control  on 
the  one  hand  the  excited  species  quenching  and  absorption  losses^)  and  on  the 
other  hand  the  rate  and  the  branching  ratio  of  useful  specific  reactions  and 
consequently  the  laser  gain.  Recents  results  have  shown  that  active  medium 
heating  leads  to  an  efficiency  increase  for  some  excimer  lasers(3).  For  other 
excimer  systems,  noticeally  trimers  (Xe^Cl,  Kr^Cl)  strong  cooling  favours  pro¬ 
duction  of  upper  state  level  population  and  may  lower  the  absorption  losses(^). 
In  any  case  owing  to  the  complexity  of  the  excimer  kinetic  scheme,  experimen¬ 
tal  studies  in  a  large  temperature  range  are  useful  and  it  seems  very  interes¬ 
ting  to  take  benefit  of  fluid  dynamic  techniques,  of  which  use  is  already  jus¬ 
tified  by  simple  reasons  of  energy  balance,  as  reported  hereafter,  and  to  explo¬ 
re  very  low  temperature  conditions  permitted  by  adiabatic  gas  expansion. 

In  a  high  average  power  laser  system  thermal  problem  results  because  about 
90  %  of  the  input  electrical  energy  used  to  excite  the  active  medium  is  conver¬ 
ted  into  thermal  energy.  This  resultant  heat  must  be  removed  from  the  laser  gas 
before  it  may  be  efficiently  excited  again.  Fluid  mechanics  techniques  will  con¬ 
siderably  increase  this  thermal  energy  removal.  This  method  has  been  already 
succesfully  used  in  the  case  of  high  average  power  infrared  laser^3).  When 
short  wavelength  lasers  are  envisioned  some  constraints  are  much  more  severe 
challenging  new  studies  in  the  fluid  dynamics  field(6)(7). 


These  specific  constraints  are  related  to  the  influence  of  aerodynamic 
disturbances  on  the  laser  beam  quality.  The  far  field  laser  intensity  varia¬ 
tions  I  depend  on  large  scale  density  variations  —  and  the  relation  between 
these  two  parameters  0 
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with  n  :  refractive  index 
s  :  turbulence  scale 
L  :  active  medium  length 
A  :  laser  wavelength 

depends  on  the  laser  wavelength.  It  follows  that  it  is  much  more  difficult  to 
obtain  good  laser  beam  quality  at  U.V.  and  visible  wavelengths  than  in  the 
infrared . 

The  results  obtained  at  I.M.F.M.  (cf.  next  part  of  this  paper)  have  de¬ 
monstrated  that  it  is  possible  to  obtain  U.V.  laser  emissions  from  a  high 
density  active  medium  in  supersonic  flow  in  which  relative  density  variations 
are  about  10”  ^  on  a  1  cm  scale.  However  for  some  applications  (for  instance, 
long  range  communications)  a  much  higher  flow  quality  (—  <  10-^)  must  be 
achieved  and  maintained. 

TWo  points  have  to  be  considered  :  -  first,  the  initial  quality  of  the 
flow  (before  any  excitation)  must  be  very  good,  -  second,  the  gas  flow,  stron¬ 
gly  perturbated  following  electrical  excitation,  must  recover  its  initial  qua¬ 
lity  before  a  new  excitation  pulse  occurs. 

Transient  phenomena  due  to  excitation  processes  are  very  strong.  The 
initial  processes  are  described  schematically  for  one  dimension  flow  approxi¬ 
mation,  on  the  (X,x)  diagram  of  Fig.  1.  In  a  high  average  power  excimer 


Fig.  1.  Typical  configurations  of  longitudinal  Shock-Waves  (S-W)  ;  Expansion 
waves  (Exp.)  and  Contact  Surfaces  (S.C.)  following  sudden  medium 
excitation 


laser  system  energy  deposited  in  the  active  medium  during  less  than  one  micro¬ 
second  for  each  pulse  is  of  the  order  of  several  hundred  joules  by  liter  - 
amagat.  That  represents  several  tens  percent  of  flowing  gas  internal  energy. 

It  follows  that  values  of  —  as  high  as  ten  per  cent  may  be  induced  in  the 
flow  inmediatly  after  excitation.  A  damping  of  longitudinal  and  transverse 
acoustic  waves  inside  the  laser  cavity  by  a  factor  above  one  hundred  in  0.1  to 
1  millisecond  is  needed  and  represents  a  very  difficult  problem  to  resolve.  This 
problem  may  be  of  interest  for  shock  tube  and  waves  scientific  community. 

Studies  in  this  field  are  active  in  different  laboratories  in  U.S.A.  and 
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Europe  and  special  closed  cycle  subsonic  circulators  well  fitted  to  excimer 
laser  studies  are  currently  developed  '  ''  Such  a  subsonic  loop  will  be 

available  at  I.M.F.M.  in  few  months^^l 

It  is  very  likely  that  use  of  such  subsonic  loops  will  permit  reaching 

near  U.V.  laser  output  power  above  1  KW  in  a  few  years. 

Apart  from  potentiality  of  a  supersonic  flow  system  if  the  laser  effi¬ 
ciency  may  be  strongly  favored  by  very  low  temperature,  as  for  the  well  known 
infrared  CO  laser,  such  a  system  with  its  ability  to  very  rapidly  clear  the  flow, 
may  be  of  high  interest  for  applications  where  very  high  repetition  rate 
(-  10  KHz)  is  needed  and  very  high  beam  quality  is  not  required.  In  such  a  fu¬ 
ture  system  the  average  electrical  power  added  to  the  flow  would  be  above  100KW 

and  then  the  power  needed  to  maintain  supersonic  flow  in  the  laser  cavity  could 
be  only  a  reasonable  fraction  of  the  total  needed  power. 


LASER  AND  FLUORESCENT  U.V.  AND  VISIBLE  EMISSIONS  FROM  AN  ELECTRICALLY  EXCITED 
SUPERSONIC  FLOW 

The  results  obtained  at  I .M.F •M.on.a.  supersonic  blowdown  of  Ludwieg  tube 
type  which  has  been  previously  described^  are  briefly  presented  next. 

The  device  mainly  consists  of  a  high  pressure  tank  followed  by  a  Laval 
nozzle  initially  isolated  from  it  by  an  aluminium  diaphragm.  The  nozzle  is  fol¬ 
lowed  by  a  constant  area  channel  made  with  permaglass  (fiberglass  and  epoxy) 
and  by  a  dump  tank.  The  channel  is  3  cm  high  and  16  cm  wide.  Flow  starts  with 
diaphragm  opening  and  the  duration  of  quasi-stationnary  flow  is  generally  a 
few  milliseconds .Various  nozzle  profiles  permit  to  achieve  in  the  channel  a 
flow  with  the  following  characteristics  :  Mach  number  equal  to  1.75,  2.5  or 
3  ;  temperature  equal  to  120,  80  or  65  K  ;  density  up  to  2  amagats.  The  gas 
mixture  is  excited  by  an  electron  beam  (j  ,  =  20  mA  -  20  A  cm~2  ; 

V  <  300  KeV  ;  At  -  0.4  -  2  us)  or  by  Idischarge  (0  -  10  KV)  stabilized 

or ‘assisted  by  means  of  an  e-beam  or  e-beam  induced  X-rays.  Anode  and  cathode 
of  the  discharge  are  flush  mounted  in  the  upper  and  lower  wall  of  the  channel 
to  reduce  to  a  minimum  the  aerodynamic  disturbances. 

In  table  II  are  presented  the  main  characteristics  of  supersonic 
flow  high  density  and  low  temperature  laser  emissions  achieved  at  I.M.F.M. 
gas  mixture,  wavelength  ,  transition,  assignment  ,  specific  energy  ,  effi¬ 
ciency  and  excitation  mode  are  given  in  this  table.  The  specific  extrac¬ 
ted  energy  of  XeCl  laser  is  comparable  with  that  obtained  elsewhere^  ''  ' 

with  various  excitation  processes  and  is  compatible  with  the  development  of 
a  class  of  U.V.  or  visible  lasers  emitting  average  power  at  the  kilowatt  level . 


Table  2  Main  characteristics  of  supersonic  flow  high  density  and  low  tempe¬ 
rature  lasers  achieved  at  I.M.F.M. 


Gas  mixture 

Wavelength 

Assignment 

Specific  energy  and 
efficiency 

Excitation 

Ne/Xe/NF3 

many  lines 

A  =3500  A 

XeF  (B  -*•  X) 

0.05  j/£in  0.4us 

e .beam 

Ne/NFj 

3378,23;3481,95A 

Nell 

e  .beam 

Ar/Xe/HCl 

3079  ;  3082  A 

XeCl(B-*-X) 

e  .beam 

e  .b .^discharge 

Ne/Xe/HCl 

3079  ; 3082  ; 

3084  A 

XeCl  (B-*-X) 

1.0  j/d  in  0.5us 
n  -  2.5  % 

e  .beam 

e  .b  .-^discharge 
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In  Table  III  are  presented  fluorescent  systems  where  an  increase  in 
fluorescence  intensity  was  observed  at  I.M.F.M.  following  a  strong  lowering 
of  the  temperature.  In  this  table  are  given  gas  mixture,  wavelength,  assign¬ 
ment  and  fluorescence  enhancement  factor  when  low  and  room  temperature 
fluorescence  emission  intensities  are  compared.  These  results  were  obtained 
in  the  case  of  e-beam  excitation.  Arrows  in  table  III  point  out  the  systems 
whose  specific  behaviour  at  very  low  temperature  seems  interesting  for  de¬ 
velopment  of  high  average  power  and  short  wavelength  lasers.  The  broad  band 
very  intense  fluorescence  of  Kr_F*  and  Xe_Cl  excimers  are  the  most 
sing.  It  has  already  been  possible  to  obtain  very  recently  elsewhere'  , 

for  room  temperature  conditions,  laser  emissions  on  these  systems.  It  is  note- 


Table  3  Main  U.V.  and  visible  fluorescence  intensities  enhancements  observed 

in  supersonic  flow  high  density  and  low  temperature  e-beam  excited  gas 
mixtures 


Gas  mixture 


Wavelength 


Assignment 


IT/I300  K 


Ar/Xe/Oxygfene  donnors  5200-5600; 3200  A° 


Xe0lS  *  Xe°lD 
Xe0lS  Xe03P 


50  at  120  K 
300  at  80  K 


Ar/Xe 


3295  A 


Ar*  -*•  Ar  Xe+  10  at  120  K  ;  30  at  80K 
xe 


Ar/COS 


2985  A-3560  A 


Very  high  at  120  and 
80  K 


Ar/Xe/NF3 

2600  A 

3805  A 

A 700  A 

XeF*  (D  -*  A) 

ArXeF*-*ArXeF(?) 

XeF*  (C  -*■  A) 

=  1,5  to  2  at  120  and 
80  K 

Very  high  at  120  and 
80  K 

=  1,5  to  2  at  120  K 

Ar/Kr/NF3 

-* 

A 100  A 

Kr2FH--Kr2F 

High  at  80  and  120  K 

Ar/Xe/HCl 

-* 

-► 

3260  A 

3500  A 

A800  A 

5100  A 

ArXeC  !-*ArXeC  1  (  ? ) 
XeCl*  (C-<-A) 

Xe  Cl*-<-Xe  Cl 
Xe2Clx-Xe2Cl(?) 

1  Very  high  at  120  K 
1,5  at  120  K 

High  at  120  K 

Very  high  at  120  K 

Ar/Kr/HCl 

3300  A 

Kr2Cl*+Kr2Cl 

High  at  120  K 
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worthy  that,  for  these  trimers,  laser  wavelength  could  be  varied  in  a  large 
spectral  range  at  wavelengths  useful  for  long  range  energy  transfer.  An 
interferometric  study  of  aerodynamic  field  in  the  I.M.F.M.  supersonic  blowdown 
device  before  and  after  the  excitation  pulse  has  been  undertaken  and  results 
have  been  previously  reported^  .  Two  main  facts  to  underline  are  :  first, 

possibilities  to  achieve  a  laser  emission  from  a  flowing  active  medium  where 
initial  density  fluctuations  were  about  10“  2  on  one  centimeter,  and,  second 
the  efficient  clearing  of  laser  cavity  by  the  supersonic  flow  leading  to  a 
very  fast  damping  of  the  strong  acoustic  waves  induced  by  the  fast  electrical 
pulse. 

POSSIBILITIES  OF  HIGH  REPETITION  RATE  EXCITATION  BY  E .BEAM  OR  X-RAY  ASSISTED 
DISCHARGES 

The  development  of  high  average  power  excimer  lasers,  either  with  subso¬ 
nic  or  supersonic  flow,  requires  at  the  opposite  to  the  well  known  fast  flow 
infrared  CO^  electrical  lasers,  a  large  amount  of  preionisation  to  permit  a 
stable  deposition  of  electrical  energy  in  the  active  medium.  This  fact  is  in 
a  large  part  due  to  the  electronegativity  of  usual  excimer  laser  mixtures.  This 
limitation  led  recently  to  the  development  of  new  excitation  schemes. 

A  well  known  method  of  excimer  laser  excitation  uses  a  very  fast  avalan¬ 
che  discharge  (50  -  100  ns  duration)  preionised  by  U.V.  radiation  .  This  method 
allows  very  high  repetition  rates  and  has  permitted  very  recently  to  reach. 
Watts  average  laser  power  at  X  =  3080  X  (XeCl)  laser  from  a  subsonic  loop. 
However  U.V.  preionisation  methods  do  not  permit  to  preionise  efficiently  large 
volumes,  need  very  low  circuit  inductance  and  allow  only  relatively  low  speci¬ 
fic  laser  energy  (=  2  j/f.).  At  last,  the  very  high  instantaneous  power  driven 
by  the  thyratrons  switching  the  discharge  is  deleterious  for  them  and  so  the 
viability  of  these  switches  is  not  good  at  the  present  time. 

Very  high  power  electron  beams  are  also  frequently  used  to  excite  direc¬ 
tly  the  active  medium  or  to  stabilize  efficiently  an  electrical  discharge  du¬ 
ring  a  fraction  of  microsecond.  However  when  high  average  power,  and  so  high 
repetition  rate  conditions  are  considered,  very  strong  technological  difficul¬ 
ties  appear  both  with  very  high  voltage  switch  viability  and  with  dissipation 
of  heat  absorbed  by  the  very  thin  window  separating  the  laser  cavity  and  the 
electron  gun.  One  way  to  overcome  these  two  limitations  is  to  increase  as 
strongly  as  possible  the  ratio  between  energy  deposited  homogeneously  in  the 
active  medium  by  means  of  the  main  discharge  and  preionisation  energy  origina¬ 
ting  from  the  gun.  Some  very  promising  results  have  been  achieved  very  recently 
in  this  way  in  different  laboratories  for  the  case  of  XeCl  laser  at  X  =  3080  k 
(17 ) (18 ) (19  ) 


An  experimental  study  has  been  performed  at  I.M.F.M.  in  order  to  determi¬ 
ne  conditions  favouring  generation  of  long  pulse_  high  repetition  rate  high 
average  power  XeCl  laser  emission.  The  current  density  of  the  transmitted  pre¬ 
ionisation  electron  beam  has  been  varied  from  20  mA  cm"2  to  1.6  A  cm- 2  by  chan¬ 
ging  the  Marx  generator  charging  voltage.  The  constant  parameters  for  these 
experiments  were  as  follows  :  discharge  capacitor  charging  voltage  (10  kV)  ; 
Ne/Xe/HCl  mixture  (5300/190/10)  ;  pressure  (1430  Torrs),  temperature  (300  K), 
coupling  mirror  transmission  coefficient  (0.20).  On  figure  2  are  shown  the  va¬ 
riations  of  laser  energy  versus  Marx  generator  voltage.  IVo  scales  are  added  to 
the  voltage  scale  :  one  indicates  the  corresponding  transmitted  electron  beam 
current  density  jt,  while  the  other  gives  the  ratio  R  ■  W^/W  between  discharge 
and  e-beam  energies  absorbed  by  the  active  medium.  This  figure  shows  that  condi¬ 
tions  exist  where  energy  deposited  in  the  active  medium  originates  essentially 
from  the  discharge  whilst  maintaining  high  laser  efficiency.  Laser  energy 
undergoes  only  a  threefold  decrease  when  preionigation  e-beam  energy  is  decrea¬ 
sed  by  a  factor  60.  Nearly  constant  specific  energy  and  peak  power  of  respecti¬ 
vely  150  j/2.  and  500  MW/£  were  added  to  the  mixture  by  means  of  the  discharge 
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during  these  experiments.  Intrinsic  laser  efficiency  varied  from  2  to  0.7  % 
and  seems  to  have  been  limited  mainly  by  the  short  gain  length  (16  cm)  of 
the  present  device.  The  results  obtained  compare  favourably  with  those  obtaii 
ned  from  experiments  where  the  ratio  R  was  lower  than  10^18\ 


Fig. 2.  Laser  energy  versus  maximum 

Marx  generator  voltage.  In  the 
abscissas  are  also  given  the 
transmitted  e-beam  density  and 
the  ratio  R  between  discharge 
and  e-beam  absorbed  energy 
before  lasing  termination. 
Ne/Xe/XCl  (5300/190/10)  ; 
p  =  1430  torrs,  T  =  300K  ; 

V..  ,  =10kV  ; 

discharge  cap. 

T  .  _  =0.20. 


SKiKv  i(kv) 

i,(  At*’) 


The  slow  decrease  of  laser  energy  when  the  beam  current  density  was 
strongly  lowered  could  indicate  the  existence  of  another  mechanism  control¬ 
ling  preionization  at  very  low  e-beam  electron  density.  Very  recently  S.C. 

Lin  has  shown,  with  very  different  experimental  conditions,  the  ability  to 
efficiently  preionize  an  excimer  laser  active  medium  with  X-rays^1''.  A  second 

set  of  experiments  has  been  performed  with  a  new  device  where  gain  length 
was  increased  to  30  cm.  The  preionization  was  made  by  means  of  an  X-ray  beam 
produced  by  the  interaction  of  e-beam  with  a  tantalum  foil  fitted  just  under 
a  thick  (1,5  mm)  aluminium  foil  which  absorbs  electrons.  Though  preliminary, 
these  experiments  have  enabled  the  achievement  of  laser  action  from  XeCl  exci¬ 
mer  when  Ne/Xe/HCl  mixtures  at  a  temperature  of  300  K  and  a  pressure  of 
1  atmosphere  were  excited  by  an  X-ray  assisted  avalanche  discharge.  It  is  to 
note  that  lasing  was  achieved  with  X-rays  induced  by  electrons  with  energy 
as  low  as  100  KeV.  Fig.  3  shows, as  an  example,  the  variations  of  laser  energy 


Fig.  3.  X-ray  assisted  dis¬ 
charge  XeCl  laser 
energy  versus  charge 
voltage  of  the  main 
discharge .Ne/Xe/HCl 
(5300/190/10)  ; 
p=800  torrs  ;  T=300  K; 
Laser  volume  :  - 

2.3x1.2x30  cm3  (80cm  ); 

V  -  210  XV. 
gun 


12  14  16  18  20  VbKV 
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and  power  versus  main  discharge  voltage.  As  shown  in  the  figure,  a  specific 
energy  of  1.5  j/x/bar  Was  obtained  in  these  experiments.  This  result,  obtai¬ 
ned  with  a  device  not  particularly  adapted,  is  interesting  because  the  pos¬ 
sibility  to  use  X-rays  can  strongly  facilitate  the  development  of  high  repeti¬ 
tion  rate  high  average  power  large  volume  laser  systems  :  a)  X-rays  penetra¬ 
tion  range  is  much  higher  than  the  electrons  one  and  could  permit  homogeneous 
excitation  of  large  volumes  even  with  relatively  low  gun  voltage  ;  b)  diffi¬ 
culties  associated  with  gun  window  heating  could  be  strongly  reduced.  At  last 
it  has  been  possible,  very  recently  during  preliminary  experiments  with  the 
same  device  but  for  the  case  of  an  electron  beam  assisted  discharge  and  compa¬ 
rable  other  experimental  conditions,  to  extract  a  laser  energy  of  300  mj  in 
200  ns  (3  J/£/bar) .  This  result  represents  only  a  two  fold  increase  in  entrac- 
ted  energy  compared  to  conditions  of  X-rays  preionisation. 

CONCLUSION 


It  has  been  possible  to  study  at  I.M.F.M.  effects  of  very 
low  temperature  on  excimer  systems  behaviour,  and  to  obtain  single  pulse,  high 
power  U.V.  laser  emissions  from  a  high  density  supersonic  flow.  The  excimer 
laser  systems  investigated,  in  particular  XeCl*  at  X  =  3080  X  seem  to  fulfill 
conditions  permitting  a  scaling  up  to  high  average  power  and  high  efficiency. 
However  very  challenging  fluid  dynamics  and  electrical  excitation  problems 
must  be  solved.  It  is  very  likely  that  strong  progress  will  appear  in  these 
two  fields  during  the  next  few  years.  At  I.M.F.M.,  studies  of  fluid  dynamics 
and  kinetics  problems  will  be  pursued  with  the  supersonic  blowdown  and  also 
with  a  new  device  including  a  cosed  cycle  subsonic  circulator  and  various 
excitation  systems. 
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During  the  interaction  of  a  high-power  laser  beam  with  a  ma¬ 
terial  surface  many  fluid-dynamical  phenomena  arise.  The  pro¬ 
duced  flow  field  interacts  with  the  beam  and  affects  the  ther¬ 
mal  coupling  between  the  laser  energy  and  the  target  metal. 

In  this  paper  the  fluid-dynamical  aspects  of  these  phenomena 
are  discussed  and  new  experimental  results  are  illustrated. 

The  experiments  have  been  performed  in  conditions  of  interest 
for  industrial  laser  processes  with  a  15-kW  CWCO2  laser.  The 
developing  and  the  motion  of  bright  clouds  ignited  from  metal 
targets  at  incident  laser  power  up  to  11.6  kW,  using  an  f/18 
focusing  system,  have  been  studied  by  high  speed  photographic 
records.  The  properties  of  the  cloud  have  been  examined  by 
spectroscopic  analysis  and  absorption  measurements. 


INTRODUCTION 


The  interaction  of  a  high-power  laser  beam  with  a  target  material  in  an  at¬ 
mospheric  environment  has  been  a  subject  of  intensive  study  during  the  past  few 
years . 

At  low  laser  intensity,  the  radiation  interacts  with  the  material  by  direct 
absorption.  Most  theoretical  and  experimental  research,  in  this  intensity  range, 
has  been  devoted  to  determine  the  fraction  of  energy  coupled  to  the  surface  (the 
thermal  coupling  coefficient)  as  a  function  of  the  laser  wavelength  and  the  tar¬ 
get  material. 

As  the  laser  intensity  is  increased  new  phenomena  occur,  such  as  target  heating, 
target  mass  removal,  vaporization  and  plasma  formation,  which  influence  strongly 
the  thermal  coupling  coefficient.  At  10.6^1  wavelength  and  intensity  greater  than 
10^  w/cm2  the  laser-surface  interaction  is  dominated  by  the  formation  of  absorp¬ 
tion  waves  in  the  metal  vapor  or  in  the  air  above  the  material  which  attenuates 
significantly  the  laser  intensity  incident  on  the  surface. 

The  purpose  of  this  paper  is  to  describe  the  fluid-dynamical  aspect  of  the 
interaction  and  to  illustrate  new  experimental  results  obtained  by  the  authors 
in  conditions  of  interest  for  industrial  laser  processes.  The  interest  will  be 
focused  to  the  case  of  metal  target  irradiated  in  an  atmospheric  environment  by 
infrared  CW  laser  beams,  having  intensities  less  than  107  w/cm2. 
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As  a  consequence  of  the  material  heating  by  the  laser  radiation,  the  surface 
starts  to  emit  vapor  that  expands  away  from  the  target.  The  moving  vapor  acts  as 
a  piston  and  drives  a  shock  wave  into  the  ambient  air.  The  properties  of  the  de¬ 
veloping  flow  will  depend  on  the  initial  condition,  of  the  emitted  vapor.  Recent¬ 
ly  Knight  (ref.l)  has  developed  a  physically  realistic  theoretical  model  for  the 
rapid  surface  vaporization  into  surrounding  ambient  atmosphere.  The  case  of  a 
process  involving  a  phase  change  from  solid  to  liquid  and  then  liquid  to  gas  is 
considered.  It  is  assumed  that  local  thermodynamic  equilibrium  exists  in  the 
liquid,  as  it  will  be  expected  if  the  laser  intensity  is  less  than  107w/cm2. 

Near  the  phase  interface,  where  the  vapor  pressure  is  larger  than  the  ambient 
pressure,  the  vaporization  rate  being  large  for  the  laser  intensities  of  inter¬ 
est,  the  vapor  is  not  in  translational  equilibrium.  Few  particle  mean  free  paths 
are  required  to  establish,  in  a  Knudsen  layer  region,  the  translational  equilib¬ 
rium.  This  very  thin  region  is  treated  by  Knight  as  a  gasdynamic  discontinuity 
across  which  jump  conditions  expressing  conservation  of  mass,  momentum,  and  energy 
are  applied.  The  result  of  the  Knight  analysis  is  that  the  properties  of  the 
emitted  vapor,  that  is  considered  as  a  perfect  gas  outside  the  Knudsen  layer,  can 
be  predicted,  for  a  given  material,  as  a  function  of  the  laser  intensity  and  the 
ambient  pressure.  If  the  vapor  pressure  is  large  compared  to  the  ambient  pressure, 
the  vapor  flow  Mach  number  at  the  layer  exit  becomes  sonic.  For  an  aluminum  tar¬ 
get,  irradiated  by  10.9/wm  wavelength  laser  beam,  at  external  air  pressure  of  one 
atmosphere,  the  vapor  is  sonic  if  the  intensity  is  greater  than  2xl0^w/cm2. 

An  extension  of  the  Knight  model  to  the  case  in  which  a  crater-like  formation 
is  present  on  the  material  at  the  laser  incident  region,  has  been  more  recently 
proposed  by  M.Germano  and  M.S.Oggiano  (ref. 2).  The  emitted  vapor  acts  as  a  jet 
from  an  orifice  into  still  air.  Because  of  the  rather  high  vaporization  tempera¬ 
ture  and  low  ionization  potential  (respectively  2750  K  and  6  ev  for  aluminum) , 
this  vapor  contains  initially  a  significant  population  of  free  electrons,  even  at 
the  low  laser  fluxes.  For  this  reason  the  vapor  starts  to  absorb  the  incident 
radiation  by  inverse  bremsstrahlung.  If  the  heating  rate  by  this  mechanism  ex¬ 
ceeds  the  rate  of  cooling  by  gasdynamic  expansion,  the  flow  temperature  will  rise. 
At  temperatures  near  the  vaporization  temperature  the  absorption  coefficient  is  so 
low  that  a  very  thick  vapor  layer  would  have  to  be  built  up  to  attenuate  the  in¬ 
cident  energy  significantly.  However,  at  very  high  fluxes,  the  electrons  acquire 
laser  energy  faster  than  they  can  cool  by  competing  processes.  As  a  consequence, 
a  fast  nonequilibrium  process  arises,  collisional  ionization  of  atoms  by  these 
energetic  electrons  produces  an  electron  avalanche  in  which  the  electron  density 
grows  exponentially  in  time.  The  vapor  becomes  then  opaque  to  the  laser  beam  and 
its  temperature  increases  fast.  By  simple  analysis  of  characteristic  times  of  the 
competing  processes,  Thomas  (ref. 3)  has  given  an  expression  for  the  characteristic 
laser  intensity 

Ic  =  105(10.6/?,r  (Tv/2750)  (27/A)w/cm2  (1) 

that  separates  the  equilibrium  and  nonequilibrium  regimes;  if  I < Ic  the  vapor 
will  remain  in  LTE,  if  I»  Ic  nonequilibrium  effects  become  dominant.  Equation 
(1)  is  normalized  with  respect  to  CC>2  laser  wavelength  (7k=10.6^v)  and  to  alumi¬ 
num  vapor  properties:  the  vaporization  temperature  Tv  and  the  vapor  atomic 
weight  A. 

Thomas,  in  the  same  reference  (ref. 3),  gives  the  results  obtained  solving 
numerically  the  one  dimensional  equations  governing  the  phenomenon,  giving  a 
detailed  description  of  the  vapor  heating  and  of  the  consequent  formation  of  a 
laser  absorption  wave  in  the  air  adjacent  to  the  vapor.  The  numerical  procedure 
accounts  for  gasdynamics  and  radiative  transport  in  the  gas  and  for  heat  conduc¬ 
tion  within  the  target.  When,  for  the  case  of  titanium-alloy  target,  the  vapor 
reaches  a  temperature  near  20,000  K,  approaching  a  state  of  radiative  equilibrium 
with  the  incident  laser  flux,  thermal  radiation  emitted  by  the  hot  vapor  is  ab¬ 
sorbed  in  the  adjacent  air.  Once  the  air  reaches  a  temperature  of  about  8000  K, 
the  air  is  sufficiently  ionized  to  begin  absorbing  laser  radiation  directly  by  in¬ 
verse  bremsstrahlung.  The  air  temperature  starts  to  rise  very  fast  and  a  so-called 
laser  supported  combustion  wave  (LSC)  propagates  subsonica! !y,  by  thermal  radiation 
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transport,  toward  the  laser  beam.  Thomas  shows  that  the  computed  results  agree 
with  the  experiments  of  Klosterman  (ref. 4),  in  which  LSC  waves  have  been  observed 
to  form  on  titanium-alloy  targets  irradiated  by  a  C02  gas  laser  at  intensities  of 
10s  -  106  w/cm2,  pulse  duration  of  1  -  5  m  sec,  and  irradiated  spot  diameters  of 
0.5  -  1.3  cm. 

Analytic  solutions  for  the  time  for  LSC  wave  ignition  as  a  function  of  laser 
intensity,  material,  spot  size  and  wavelength  have  been  presented  by  A.N.  Pirri 
(ref. 5)  for  either  one-dimensional  planar  or  two-dimensional  axisymmetric  flow. 
This  analysis  is  based  on  existing  possibility  for  a  range  of  intensities  that 
the  vapor  properties  up  to  the  time  for  LSC  wave  ignition  can  be  calculated  un¬ 
coupling  the  heating  from  the  gasdynamics.  Starting  from  the  vapor  properties  at 
the  surface,  Pirri  models  first  the  unheated  vapor  flowfield  and  then  by  a  pertur¬ 
bation  technique  takes  into  account  the  thermal  effects.  In  the  case  of  aluminum 
or  titanium  target  irradiated  by  infrared  laser  beam,  for  intensities  less  than 
2xl0^w/cm2  the  vapor  exit  Mach  number  is  subsonic,  for  intensities  larger  than 
2xl0^w/cm2  sonic  condition  arises.  In  the  first  case  the  jet  is  subsonic  and 
consists  of  a  conical  inner  core  of  uniform  flow  by  a  growing  turbulent  mixing 
flow  region  (fig.l). 


The  length  of  the  uniform  flow  inner  core,  L,  is  approximately  nine  times 
the  spot  radius.  When  the  vapor  exit  velocity  is  sonic,  after  leaving  the  sur¬ 
face  the  vapor  expands  supersonically.  Because  the  flow  tends  to  over-expand,  a 
Mach  disk  forms  and  shocks  the  vapor  back  to  ambient  pressure  (fig. 2).  The  posi¬ 
tion,  Xfflj  of  the  Mach  disk  is  given  to  good  accuracy  by 

XMD  /ds  =  0.67(pvs/p  -  ) l/2  (2) 

where  pv  is  the  stagnation  pressure  of  the  vapor  at  the  surface  and  is  the 
ambiental  external  air  pressure.  For  aluminum  target  and  laser  intensity  of 
4xlOsw/cm2,  pvs/p  =5  and  X^/dg  =  1.5. 

The  main  results  obtained  by  superimposing  on  the  described  flow  field  the 
perturbation  technique  is  that  LSC  wave  ignition  in  a  subsonic  vapor  jet  can 
occur  only  in  the  center  core  of  jet  and  in  a  supersonic  jet  only  downstream  of 
the  Mach  disk.  The  calculated  time  for  LSC  wave  ignition  correlates  with  good 
accuracy  with  the  Klosterman  experimental  data  (ref. 6). 

The  results  of  the  experimental  study  described  (ref. 7)  by  Fowler  and  Smith 
provide  considerable  insight  to  the  ignition  and  maintenance  of  subsonic  plasma 
waves.  A  15  kW,  CWCO2  laser  radiation,  focused  with  different  focal  diameters  on 
steel  and  aluminum  targets  is  used  for  the  experiments  in  atmospheric  pressure 
air.  They  measured  the  dependence  of  the  LSC  wave  ignition  threshold  intensity 
1 1  and  the  plasma  maintenance  threshold  intensity  Im  on  the  focal  spot  diameter, 
snowing  and  Im  decrease  for  increasing  beam  diameter.  For  focal  spot  diameters 
less  than  0.1  cm  the  values  of  Ii  and  Im  were  found  to  be  essentially  the  same. 
Moreover  it  was  found  that  for  weakly  focused  systems  with  f-numbers  larger  than 
about  10,  LSC  waves  could  not  adjust  to  fluctuations  quickly  enough  and  typically 
are  unstable  and  became  extinguished  after  reaching  a  maximum  propagation  length 
from  the  focal  point.  On  the  contrary,  in  more  sharply  focused  systems,  with  f- 
numbers  less  than  4,  LSC  waves  could  be  maintained  as  long  as  desired.  For  a 
6  kW  laser  beam,  focused  by  a  f/14  mirror,  the  LSC  wave  lifetime  was  13  msec, 
the  initial  wave  propagation  was  16m/sec  and  the  maximum  distance  propagated  was 
3.9  cm.  Results  from  two -wave length  laser  interferometric  technique  are  also 
presented  in  ref.  7.  For  incident  power  of  6.2  kW  an  electron  number  density  of 
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2.1xl017cnr3  was  measured.  By  assuming  local  thermodynamic  equilibrium  within 
the  plasma,  for  the  same  incident  power,  a  maximum  temperature  of  17,000  K  was 
evaluated  and  an  absorption  coefficient  of  0.7  cm_l.  Most  of  the  main  results  in 
ref.  7  are  in  good  agreement  with  the  theoretical  predictions  of  Raizer  (ref. 8). 

As  it  has  been  said  before,  the  present  study  is  focused  on  incident  laser 
beam  intensities  lower  than  107w/cm2.  For  higher  intensities  it  may  be  expected 
that  the  shock  wave  driven  by  the  vapor  jet  is  strong  enough  to  heat  the  air  down¬ 
stream  at  a  temperature  so  high  that  the  air  layer  behind  the  shock  becomes  ab¬ 
sorbing.  In  this  case  a  supersonic  laser-supported  detonation-wave  (LSD)  origi¬ 
nates,  travelling  toward  the  laser  beam. 

In  this  section  an  attempt  has  been  made  to  describe  some  of  the  fluid- 
dynamical  phenomena  that  occur  when  a  focused  continuous  laser  beam  irradiates  a 
metal  target.  A  complete  review  of  the  subject  is  reported  in  ref.  9. 

PRESENT  EXPERIMENTS 

The  experiments  here  reported  have  been  performed  in  conditions  of  interest 
for  industrial  laser  processes.  An  AVCO  continuous  CO2  laser  capable  of  output 
powers  up  to  15  kW  at  10.6f/m  wavelength  was  used.  A  f/18  focusing  system  con¬ 
centrates  about  90%  of  the  total  power  in  a  focal  spot  diameter  of  1.6  mm.  Tar¬ 
gets  of  different  materials  were  irradiated;  results  for  steel  (AISI  304)  and 
aluminum  (Al  6061)  targets  are  here  reported.  To  simulate  conditions  of  interest 
for  industrial  applications,  during  the  interaction  the  targets  were  kept  in  motion 
with  speed  varying  from  0.6  to  2.3  m/min.  Three  diagnostic  procedures  were  adopt¬ 
ed;  high-speed  photographic  records,  absorption  measurements  and  spectroscopic 
analysis. 


A  rotating  prism  camera  capable  of  20,000  frames  per  second  was  used  for  re¬ 
cording  the  motion  of  the  absorption  wave  that  originates  at  short  distance  from 
the  target  and  travels  toward  the  laser  beam.  No  special  arrangements  are  needed 
for  this  recording  procedure.  The  brightness  of  the  wave  is  sufficiently  high 
to  permit  very  short  exposures. 

Absorption  measurements  were  performed  using  a  continuous  10.6  £<m  wavelength, 
3  watt,  C02  laser.  The  beam  of  this  source  was  used  as  a  probe  traversing  the 
plume  in  direction  parallel  to  the  target.  Time  integrated  attenuation  of  the 
beam  was  measured  using  a  thermopile  detector.  The  whole  interaction  zone  was 
scanned  to  measure,  at  different  distance  from  the  target,  the  spatial  averaged 
along  the  probe  beam  absorption  coefficient.  In  fig.  3  the  schematic  diagram  of 
the  diagnostic  system  is  shown. 


Fig. 3 

Schematic  diagram  of  the 
experimental  apparatus  for 
absorption  measurements. 

target 


Fig. 4 

Schematic  diagram  of  the 
experimental  apparatus  for 
spectroscopic  analysis. 


target 
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For  spectroscopic  analysis  a  typical  Ebert-type  spectrometer  was  used,  having 
a  0.6m  focal  length  mirror.  The  interaction  region  was  observed  in  the  direction 
normal  to  the  incident  laser  beam.  Spectral  resolution  at  first  order  was  0.8  A. 
In  fig.  4  the  experimental  setup  is  shown.  The  spectroscopic  measurements  are 
time  integrated  and  are  in  the  spectral  region  between  2500  and  6000  A. 

RESULTS  AND  COMMENTS 


From  high-speed  photographic  recording  much  detailed  information  can  be  de¬ 
duced  about  the  phenomena  occurring  during  the  interaction.  As  an  example,  the 
developing  of  an  absorbing  wave  ignited  from  a  steel  target  (AISI  504)  at  an  in¬ 
cident  laser  power  of  11.6  kW,  using  a  f/18  focusing  system  is  shown  in  fig.  5. 

The  focal  spot  diameter  is  about  1.6  mm  and  the  workpiece  speed  is  2.3  m/min.  The 
luminous  cloud  visible  in  the  picture  propagates  along  the  laser  beam  as  far  as 
5-6  cm  from  the  target,  partially  decoupling  the  laser  radiation  from  the  target 
surface.  This  is  evidenced  by  the  strongly  reduced  brightness  of  the  spot  on  the 
surface,  as  it  is  shown  in  the  left  side  of  fig.  5a.  Subsequent  to  the  disappear¬ 
ance  of  the  luminous  cloud  a  new  bright  zone  is  visible  at  the  interaction  point 
and  a  new  cloud  is  ignited  which  leaves  the  workpiece.  In  fig.  5b  the  luminous 
cloud  is  seen  to  stand  at  a  distance  of  about  4-5  cm  from  the  target  for  few  msec 
and  then  becomes  extinguished,  fig.  5c.  The  frames  shown  in  fig.  5  are  selected 
from  high  speed  12,000  frames  per  second  photographic  records.  From  one  figure 
to  the  next  there  is  no  continuity  in  time.  This  repetitive  phenomenon  has  been 
observed  for  all  cases  in  which  a  plume  originates  during  the  interaction. 

85jjs 


(a)  (b)  (c) 

Fig.  5  Ignition  and  propagation  of  bright  clouds  from  steel  target  at  11.6  kW 
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Fig. 6  Temporal  variation  of 
the  cloud  boundaries. 
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Fig. 7  Temporal  variation  of 
the  cloud  boundaries. 
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From  the  analysis  of  the  frames,  the  curves  representing  the  position  of  the 
front  and  the  rear  boundaries  of  the  bright  cloud  as  a  function  of  time  have  been 
obtained.  In  figs.  6  and  7  results  are  shown  respectively  for  steel  and  aluminum 
targets.  For  both  cases  the  incident  laser  power  was  11.6  kW.  The  workpiece  ve¬ 
locity  was  2.3  m/min  for  steel  and  0.6  m/min  for  aluminum.  At  the  target  veloc¬ 
ity  of  2.3  m/min  plume  formation  was  not  observed  for  aluminum,  because  of  its 
high  surface  reflectivity. 


TABLE  I 


cloud  front 
initial  velocity 
m/sec 

cloud 

extinction  distance 

mm 

cloud 
life  time 

ms 

Aluminum 

6061 

10 

70 

21 

Steel 
AISI  304 

25 

55 

9 

In  Table  I  the  main  data  for  aluminum  and  steel  are  compared.  The  values 
reported  have  been  averaged  for  many  events.  Besides  material  properties  and 
incident  laser  power,  the  values  of  the  quantities  shown  in  Table  I  depend  on 
focal  spot  diameter  and  focusing  system. 

Results  from  absorption  measurements  give  for  both  materials  maximum  values 
of  the  absorption  coefficient,  k,  of  0.3S  -  0.40  cm_l.  The  values  of  k  are  time 
integrate^  uJ  spatially  averaged  along  the  probe  beam  direction.  In  fig.  8  k  is 
displayed  as  a  function  of  the  distance  L  from  the  target.  The  lateral  distribu¬ 
tion  at  constant  L  shows  that  the  absorbing  zone  is  slightly  wider  than  the  beam 
diameter. 

Spectroscopic  analysis  has  been  made  for  steel  only.  The  data  referring  to 
the  interaction  zone  near  the  target  show  that  the  emitted  spectra  consist  mainly 
of  lines  characteristic  of  target  vapor  neutral  atoms.  This  result  indicates 
that  the  plume  temperature,  computed  by  line-ratio  method,  in  the  region  inves¬ 
tigated,  is  near  6000  -  7000  K. 

These  estimated  temperatures  are  consistent  with  the  absorption  coefficient 
measurements  if  we  assume  that  absorption  is  due  to  inverse  bremsstrahlung  and 
the  plume  is  in  local  thermodynamic  equilibrium  at  atmospheric  pressure. 

CONCLUSIONS 

Measurements  on  plumes  produced  by  irradiating  aluminum  and  steel  targets  by 
CO2  high  power  CW  laser  beams  have  been  reported.  Results  related  to  the  motion 
of  the  observed  absorbing  and  emitting  plume  are  in  agreement  with  data  reported 
in  literature.  Temperatures  evaluated  by  spectroscopic  analysis  and  confirmed  by 
absorption  measurements  are  lower  than  temperatures  measured  during  other  inter¬ 
action  experiments.  This  disagreement  is  due  to  the  peculiar  conditions  adopted 
for  the  present  study.  Conditions  of  interest  for  industrial  material  processing, 
primarily  welding,  were  simulated.  During  the  experiments  the  target  was  kept 
in  motion  and  measurements  were  taken  after  many  cycles  of  bright  cloud  develop¬ 
ments.  In  these  conditions  the  target  material  and  the  external  region  close  to 
the  interaction  point  are  affected  by  complex  thermal  phenomena  that  can  influ¬ 
ence  strongly  the  developing  plume.  In  comparing  data  from  different  experiments 
beam  quality  must  be  taken  also  into  account. 

However,  the  observed  bright  clouds  may  be  interpreted  as  weak  laser  supported 
waves  traveling  toward  the  incident  beam. 

For  a  better  understanding  of  the  phenomena,  experiments  will  be  repeated  in 
different  conditions,  and  time  resolved  absorption  measurements  and  spectroscopic 
analysis  will  be  performed. 
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We  have  used  a  shockfront,  produced  in  a  small,  elec¬ 
trothermal  shocktube  filled  with  40-60  torr  D£,  as  a  model 
target  for  studies  of  the  interaction  of  intense  laser 
light  with  hot,  dense,  inhomogeneous  plasmas.  The  CO 2 
laser  pulse  (A=10.6  pm;  100-500  psec  FWHM;  typical  energy 
100  mJ)  is  tightly  focussed,  at  an  oblique  angle,  onto  the 
shockfront  axis,  and  a  laser-Schlieren  shockfront  detec¬ 
tion  system  fires  the  laser  at  the  instant  the  Mach-5 
shockfront  passes  into  focus.  The  shockfront,  whose 
motion  is  negligible  on  the  time  scale  of  the  laser  pulse, 
is  ionized  by  optical  breakdown.  When  the  laser  pulse  and 
the  shockfront  are  properly  synchronized,  we  observe  ener¬ 
getic  electrons  (40-140  keV)  to  be  emitted  in  a  narrow 
cone  centered  on  the  shocktube  axis.  Our  measurements  of 
the  angular  distribution  and  energy  spectrum  of  these 
electrons  are  in  agreement  with  the  predictions  of  the 
theory  of  resonance  absorption  of  laser  light  by  plasmas. 


INTRODUCTION 


In  schemes  for  laser-driven  fusion,  a  target  is  ionized  by  a  short, 
intense  pulse  of  laser  light.  An  understanding  of  the  mechanisms  by  which 
intense  light  interacts  with  the  resulting  hot,  dense  plasma  is  surely  a 
prerequisite  to  using  this  process  to  drive  efficient  thermonuclear  explo¬ 
sions.  One  of  the  most  important  laser-plasma  interaction  mechanisms  is 
known  as  resonance  absorption  (RA).!  The  theory  of  RA  depends  critically  on 
the  propagation  of  a  lightwave  into  a  plasma  density  gradient.  Thus  a  con¬ 
trolled  experimental  study  of  this  mechanism  requires  a  laboratpry  plasma 
with  a  reproducible  density  profile  of  the  correct  geometry  and  density.  For 
this  purpose,  we  have  found  shockfronts,  ionized  by  optical  breakdown,  to  be 
ideal  model  targets.  We  will  begin  this  paper  with  a  summary  of  the  theory 
of  RA  and  conclude  with  a  description  and  interpretation  of  our  experiments. 

Hie  electronic  part  of  the  dielectric  function  of  a  collisionless  fluid 
plasma  may  be  written  e  =  1  -  («&/w2),  where  w  is  the  laser  frequency,  and 
the  electron  plasma  frequency  aepends  on  the  plasma  density,  n:  = 

4irne2/me.  Thus  e  is  a  function^of  density  and  may  be  written  in  terms  of  a 
"critical  density"  ncr  =  mw2/4ire2  as  e  =  1  -  n/n  _.  A  plasma  may  be 
classified  as  underdense  or  overdense  by  virtue  of  the  relation  between  its 
density,  n,  and  n_r.  For  CO2  laser  light  (A=10.6  um),  ncr  =  1019  cm"3, 
corresponding  to  fully  ionized  hydrogen  gas  at  150  torr.  The  critical  layer 
is  the  region  of  an  inhomogeneous  plasma  where  n  =  ncr  or  e  =  I V.  ” 

The  plasmas  typically  encountered  in  laser- interaction  experiments  are 
collisionless,  inhomogeneous,  and  overdense.  Let  us  model  this  as  a  plasma 
filling  the  half-space  z  >_  0  with  a  density  which  varies  only  with  z  and 
which  passes  from  0  at  the  plane  z  *  0  through  ncr  at  the  plane  z  =  L.  In 
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this  case,  the  density-gradient  vector  Vn  is  parallel  to+2.  A  ray  of  light 
incident  from  z  =  -«  on  this  plasma  at  any  angle  9  from  Vn  will  eventually 
encounter  a  layer  of  density  n  =  n  cos20  £  ncr,  from  which  it  should  be 
totally  reflected,  by  the  laws  of  geometrical  optics.  Outside  this  layer, 
collisional  absorption  is  negligible,  and  so  it  was  initially  somewhat  of  a 
mystery  that  such  plasmas  actually  absorb  light  quite  strongly. 

In  1972,  the  theory  of  resonance  absorption  (RA)  was  applied  to  the 
laser-plasma  interaction.  In  RA,  a  light  wave  incident  on  an  inhomogeneous 
plasma  tunnels  past  the  layer  of  total  reflection,  reaching  the  critical 
layer  in  the  form  of  an  evanescent  wave.  At  the  critical  layer,  where  e  =  0 
(except  for  a  small  imaginary  part) ,  the  resonance  between  laser  light  and 
plasma  oscillations  builds  the  electric  field  up  to  such  high  levels  that 
substantial  collisional  absorption  can  take  place,  even  in  the  limit  of  van¬ 
ishing  collision  frequency.  The  strength  of  the  resonance  depends  on  the 
distance  through  which  the  evanescent  wave  must  tunnel  to  get  to  the  critical 
layer.  This,  in  turn,  depends  on  the  experimental  geometry,  giving  RA  a  dis¬ 
cernible  experimental  phenomenology,  which  we  will  describe. 

In  a  plasma,  where  there  are  no  free  charges,  we  must  have  V  •  (e£)  =  0 
or 

v  .  |  =  -  i^Lcc  -  Ms.  ,  (1) 

where  ^n  is  the  plasma  density- gradient  vector.  Equation  (1)  allows  us  to 
estimate  the  longitudinal  component  of  the  electric  field;  this  is  what 
drives  longitudinal  plasma  oscillations.  In  particular,  in  the  critical 
layer  (e=0) ,  v  •  £  is  singular;  this  is  the  resonance  (dissipation  prevents  a 
true  singularity).  Equation  (1)  also  allows  us  to  deduce  the  gffects  of 
experimental  geometry,  as  reflected  by  the  scalar  product  E  •  Vn.  In  order 
for  this  product  not  to  vanish,  the  polarization  of  the  light  must  lie  in  the 
plane  of  incidence.  This  polarization  dependence  is  a  distinguishing  feature 
of  RA.  A  dependence  on  the  angle  of  incidence  is  also  characteristic:  there 
must  be  a  component  of  E  parallel  to  vn4  Thus  at  normal  incidence,  when  the 
light  wave  travels  parallel  to  vn,  £  •  Vn  =  0,  and  there  can  be  no  resonance. 
As  the  angle  of  incidence  increases,  however,  the  layer  of  total  reflection, 
given  by  n  =  ivrcos29,  moves  away  from  the  critical  layer  (n=ncr) ,  increasing 
the  distance  through  which  the  light  must  tunnel  to  reach  the  resonant  region. 
At  sufficiently  large  angles,  this  diminishes  the  resonance.  Clearly,  there 
is  an  angle,  9m,  at  which  the  effect  is  maximized;  theory2  predicts  that 
3kQLsin30  =  1,  where  L  is  the  scale  length  of  the  density  step,  and  is  the 
vacuum  wave  vector  of  the  laser  light.  For  L  =  i/3  (a  typical,  sharp  lastr- 
plasma  density- gradient  length) ,  8m  =  30° . 

An  intimate  part  of  RA  is  the  acceleration  of  high-energy  electrons  out 
of  the  target  in  a  direction  parallel  to  the  plasma  density-gradient  vector.3 
This  comes  about  as  the  plasma  waves  formed  in  the  critical  layer  roll  down 
the  density  gradient,  accelerating  electrons  in  this  direction  as  they  go,  by 
the  process  known  as  Landau  damping  or  wavebreaking.  This  electron  emission 
provides  a  direct  probe  of  the  plasma  density  structure.  The  angular  distri¬ 
bution  depends  on  the  orientation  of  the  density  gradient,  and  the  energy 
spectrum  depends  on  the  scale  length:  One  can  imagine  the  electrons  to  be 
accelerated  over  the  scale  length  L  by  the  enhanced  electric  field  in  the 
critical  layer,  which  is  given  by5  Ej  =  1.2E0/(2itk0L)'s;  1^,  is  the  vacuum 
electric  fielji  pf  the  laser.  Thus  tne  emitted  electron  energy  is 
ee  *  eEjL  HL'5,  where  I  <*  Eq  is  the  laser  intensity.  In  practice,  the 
emitted  electrons  are  not  monoenergetic  but  rather  thermalize  to  form  a 
"suprathermal  tail"  on  the  plasma  electron  energy  distribution;  the  slope  of 
the  "tail"  on  a  semilog  plot  is  given  by  a  "temperature"  Th  which  coincides 
with  Ee. 
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One  last  bit  of  physics  to  be  added  to  this  description  is  that,  at  the 
extreme  laser  intensities  encountered  here,  the  ponderomotive  force,  or  radi¬ 
ation  pressure,  is  so  strong  that  the  underdense  plasma  in  front  of  the  crit¬ 
ical  surface  is  pushed  away  early  in  the  laser  pulse.  Thus,  no  matter  what 
the  original  density-gradient  scale  length  was,  the  dominant  laser  interac¬ 
tion  is  with  a  steeper  density  profile  whose  scale  length  is  observed  in  com¬ 
puter  simulations5  to  follow  L  I'a,  with  a  =  0.22  -  0.38.  (Typically,  the 
scale  length  of  the  steepened  profile  is  less  than  an  optical  wavelength). 
Thus  the  hot-electron  electron  temperature,  Tu,  should  scale  with  laser 
intensity  as 


Th  <*  I6,  with  0  =  (l-o)/2  =  0.31  -  0.39.  (2) 

We  have  already  experimentally  verified4  that  resonantly  accelerated 
electrons  produced  by  optical  breakdown  of  H2  are  emitted  only  in  the  plane 
of  laser  polarization,  and  only  at  oblique  angles  of  incidence  near  e  In 
the  present  experiment,  our  goal  is  to  study  the  energy  spectrum  of  the 
resonant  electron  emission.  We  use  optical  breakdown  of  a  shockfront  in  D2 
to  create  a  reproducibly  oriented  plasma  density  step,  as  confirmed  by  meas¬ 
urements  of  the  angular  distribution  of  the  electron  emission.  The  heart  of 
the  experiment  is  drawn  to  scale  in  Fig.  1.  We  irradiate  the  shockfront  with 


Figure  1.  Experimental  concept. 
The  laser  pulse,  polarized  in  the 
plane  of  the  drawing,  is  fired  at 
the  shockfront  as  it  reaches  the 
end  of  the  shock  tube.  RA  causes 
fast  electrons  to  be  emitted  along 
the  density- gradient  vector  of  the 
shockfront  (drawn  as  heavy  arrow) . 


p-polarized  light  incident  at  an  oblique  angle  9  near  our  estimate  of  0  . 

With  this  geometry,  we  then  expect  to  see  strong  electron  emission  alon§  the 
shockfront  density  gradient,  with  an  energy  spectrum,  the  temperature  of 
whose  "tail"  scales  with  laser  intensity  as  in  (2)  above.  Our  expectations  of 
success  in  this  endeavor  is  based  on  the  realization  that,  at  the  laser 
intensities  and  pulse  durations  used  here,  ionization  of  a  neutral  shockfront 
density  profile  produces  a  plasma  with  an  identical  profile,  because,  in  H 2 
and  D2  at  least,  ionization  proceeds  via  a  "laser-driven  breakdown  wave"6 
which  moves  through  the  laser  focus  too  fast  for  ionic  motion  to  distort  the 
density  profile.  So  let  us  now  describe  an  experiment  in  which  shockfronts 
have  been  used  as  laser  targets  for  studies  of  electron  emission  in  RA. 

EXPERIMENTAL  APPARATUS 


Laser  System 

Laser -produced  plasmas  are  typically  so  hot7  that  they  disassemble  on  a 
subnanosecond  time  scale.  If  this  plasma  expansion  is  to  be  negligible,  one 
is  restricted  to  picosecond  laser  pulse  widths.  We  used  the  ultra- short- 
pulse  002  laser  system  designed  by  Kwok  and  Yablonovitch.8  The  output  is  a 
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10.6-|jm,  single-mode  pulse  of  energy  <_  ISO  mJ,  rise  time  200  psec,  and  FWW 
500  psec.  The  repetition  rate  is  16  shots  per  minute.  The  laser  pulses  are 
focussed  onto  the  target  with  an  f/1  lens,  producing  a  typical  peak  intensity 
of  1014  W/orr.  Our  experimental  results  appear  to  be  dominated  by  interac¬ 
tions  taking  place  during  the  first  100  psec  of  the  laser  pulse.9  We  have 
also  performed  experiments  with  much  shorter  pulses  (100  psec  FWM4) ;  these 
are  described  elsewhere.9 

Shocktube  System 

The  shock  tube  is  constructed  of  quartz  tube  of  12.7  mn  i.d.  and  3  mm 
wall  thickness.  The  tube  is  230  run  long  and  is  joined  in  a  Tee  at  one  end  to 
a  46-mm  long  section  of  the  same  tubing.  Tungsten  electrodes  are  soldered 
into  copper  plugs  which  are  inserted  into  and  seal  against  the  two  openings 
of  the  Tee;  this  results  in  an  electrode  spacing  of  about  10  ran.  A  spark  gap 
discharges  a  3.5-pFd  energy  storage  capacitor,  charged  to  10-12  kV,  across 
these  electrodes.  (Xir  emphasis  in  the  discharge  circuit  design  has  been  on 
low  inductance,  reproducibility,  and  reliability.  Measurements  of  the 
discharge  waveform  are  consistent  with  a  circuit  inductance  of  65  nH  and 
resistance  of  20  mft.  Assuming  that  half  the  discharge  energy  is  lost  in  the 
spark  gap,  20%  of  that  energy  should  be  dissipated  in  the  shock  tube  during 
the  first  ring  of  the  discharge.  At  10  kV,  the  circuit  can  drive  a  shock 
with  M  =  5  in  50  torr  D2,  consistent  with  energy  balance  at  this  efficiency. 

This  discharge  apparatus  is  laid  horizonatlly  in  a  copper  box,  which 
provides  electromagnetic  noise  shielding.  A  pickup  coil  mounted  in  the  roof 
of  the  box  provides  an  electrical  timing  signal  synchronous  with  the  break¬ 
down  of  the  electrode  gap.  This  apparatus  can  produce  a  Mach- 5  shock  in  50 
torr  D2  every  few  seconds.  The  shot-to-shot  fluctuations  in  M  are  +3%  and 
are  partially  correlated  with  drifts  in  pressure  and  charging  voltage.  Very 
low  levels  of  acoustic  and  electrical  noise  are  produced.  The  gas  is  flowed, 
filtered,  and  cold-trapped. 

In  the  regime  of  pressure  and  Mach  number  in  which  we  work,  it  has  been 
established10  that  the  acoustical  disturbance  we  observe  at  the  end  of  the 
shock  tube  is  indeed  a  clean,  planar  shockfront.  In  D2,  rotational  relaxa¬ 
tion  takes  place  well  downstream  of  the  translational  shockfront,  so  we  can 
calculate  the  initial  density  jump  from  the  theory  of  one -dimensional  shocks 
in  a  monatomic  gas12:  p^p-^  =  4M2/(M2+3)  =  3.57  +  0.02  for  M  =  5.0  ±  3%.  For 
shocks  with  M  =  5  in  50  torr  D2,  the  density  of  electrons  bound  to  the 
molecules  on  the  high-density  side  of  the  shockfront  is  2p2  =  1.2  x  1019  cm-4, 
just  above  the  critical  density  for  C02  laser  light.  From  the  argon  data  of 
Ahlsmeyer,13  we  calculate  that  the  density- gradient  scale  length  in  the 
translational  shockfront  is  L  =  8  pm  in  50-torr  D2;  this  number  is  very 
insensitive  to  fluctuations  in  Mach  number  near  M  =  5.  This  scale  length  lies 
in  the  range  of  interest  (L<X)  for  studies  of  RA  with  C02  lasers. 

The  experiment  is  performed  by  irradiating  the  shockfront,  at  an  oblique 
angle  from  the  direction  of  its  density  step,  as  it  reaches  a  point  near  the 
end  of  the  shock  tube.  This  is  accomplished  in  the  aluminum  target  chamber 
shown  in  Fig.  1,  which  mates  the  end  of  the  tube  with  the  laser  focusing  lens. 
The  optical  and  shock- tube  axes  intersect  at  an  angle  of  30°,  the  optimm 
angle  for  RA  by  a  density-gradient  scale  length  of  ^5  pm.  The  focal  spot 
diameter  of  the  lens  is  claimed  to  be  17  pm.  Laser  pulse  energy  monitoring 
is  performed  on  each  shot  by  a  calibrated  Ge:Au  detector,  onto  which  is 
focussed  a  small  fraction  of  the  incident  laser  pulse.  This  is  illustrated 
in  Fig.  2,  which  shows  the  target  chamber  in  relation  to  the  rest  of 
the  experiment. 
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Figure  2.  Layout  of  the  experiment,  showing  shocktube/target  chamber, 
laser-pulse  diagnostics,  and  two-beam  laser -Schlieren  shockfront  detector. 


In  order  to  fire  the  laser  at  the  instant  that  the  shockfront  passes  into 
focus  (it  remains  in  focus  for  <10  nsec),  laser  triggering  is  performed  by  a 
two-channel  laser-Schlieren  shockfront  detection  system  shown  in  Fig.  2.  Each 
of  the  two  HeNe  laser  beams  is  deflected  past  the  knife  edge  and  into  the 
photodiode  as  the  shockfront  passes  down  the  tube.  The  two  short  output 
spikes  from  the  photodiode  are  fed  directly  to  the  laser's  trigger  circuits 
and  are  recorded  for  calculations  of  the  position  of  the  shockfront.  The 
laser  trigger  delay  is  set  so  that  the  shockfront  and  the  laser  pulse  arrive 
at  the  laser  focus  simultaneously.  This  happens  only  once  in  every  ^20  shots. 
The  shockfront  position  can  be  determined  to  within  ±75  ym. 

MEASUREMENTS 


Apart  from  laser  pulse  diagnostics,  shockfront  timing,  and  background 
plasma  characterization,  we  made  a  number  of  experimental  observations: 

Total  electron  emission  was  measured  by  placing  inside  the  target  chamber, 
next  to  the  focusing  lens,  a  Si  surface-barrier  detector  which  looked  at  the 
laser  focus  along  the  shock  tube  axis.  The  detector  is  masked  by  a  13-ym 
thick  aluminum  foil;  incident  electrons  come  to  a  stop  in  the  foil,  producing 
A1  k-x-rays  which  are  sensed  by  the  detector.  The  detector  signal  is  sent  to 
a  charge- integrating  preamplifier  and  recorded  on  an  oscilloscope  along  with 
shockfront  timing  information.  In  this  way,  we  can  measure  the  total  charge 
emitted  during  each  shot,  as  a  function  of  shockfront  position. 

The  angular  distribution  of  electron  emission  was  measured  by  replacing  the 
Si  surface-barrier  detector  with  a  small  piece  of  Kodak  No-Screen  x-ray  film, 
wrapped  in  13-ym  thick  A1  foil.  An  image  of  the  electron  emission  is  created 
on  the  film  by  A1  k-x-rays  produced  when  fast  electrons  are  stopped  in  the 
foil. 
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The  energy  spectrum  of  electron  emission  was  measured  with  a  simple  magnetic 
spectrometer.  RA  predicts  that  electrons  should  be  emitted  along  the  plasma 
density  gradient  vector,  and  we  expect  this  to  lie  parallel  to  the  shocktube 
axis  if  the  shockfront  is  in  proper  focus.  Indeed,  emission  was  found  only  in 
a  narrow  cone  centered  along  this  direction  (see  below).  This  quasi-uni- 
directional  emission  allowed  us  to  construct  a  spectrometer  with  reasonable 
focusing  properties  by  placing  the  target  chamber  between  the  faces  of  a 
small,  permanent  magnet.  This  provided  energy  dispersion  and  focussed  the 
electron  emission  onto  a  plane  which  was  perpendicular  to  the  shocktube  axis 
and  which  nearly  coincided  with  the  target -chamber  wall.  There,  we  placed  an 
array  of  charge  collectors  which  consist  of  copper  pads  etched  onto  a  printed 
circuit  board.  Each  collector  is  heavily  tinned  to  assure  that  the  incident 
electrons  are  stopped  in  the  conductor.  The  energy  width  of  each  collector 
was  chosen  to  be  30%  of  its  center  energy,  so  as  not  to  exceed  the  geometrical 
resolution  of  the  spectrometer,  which  is  largely  determined  by  magnetic  field 
inhomogeneities  and  the  finite  cone-angle  of  electron  emission.  Since  the 
energy  spectrum  is  bound  to  fall  off  at  higher  energies,  this  geometry 
enhances  the  signal  due  to  high-energy  electrons,  resulting  in  wide  dynamic 
range.  The  energy  range  spanned  is  14-140  keV.  The  collectors  are  connected 
to  cables  of  different  lengths  which  are  connected  to  the  same  oscilloscope 
input.  Thus  the  signals  from  all  the  collectors  arrive  at  the  oscilloscope 
in  sequence,  allowing  a  complete  spectrum  to  be  recorded  in  a  single  shot. 


RESULTS 

As  a  gross  test  of  the  effect  of  using  a  shockfront  as  a  laser  target, 
we  first  measured  the  total  electron  emission  as  the  shockfront  was  moved  in 
and  out  of  focus,  using  a  Si  surface-barrier  detector  as  described  above. 
Fig.  3  shows  the  electron  signal  as  a  function  of  the  position  Ax  of  the 


Figure  3.  Si  surface -barrier 
detector  signal  vs.  shockfront 
position  Ax,  for  shockfronts 
with  M=5.1  in  43  torr  Do.  Each 
point  is  from  a  single  laser  shot. 
The  enhancement  achieved  when  the 
shockfront  is  in  focus  (Ax=0)  is 
the  sign  that  the  critical  surface 
is  reproducibly  oriented  near  the 
optinun  angle  8m  for  electron 
emission  in  RA. 
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shockfront  along  the  shocktube  axis,  measured  relative  to  the  laser  focus. 
These  data  were  produced  by  laser  pulses  whose  energies  lay  in  a  ±20?  window. 
This  graph  has  a  simple  interpretation.  The  points  on  the  left  of  the  graph 
(Ax<0)  result  from  shots  in  which  the  shockfront  had  not  yet  reached  the 
laser  focus  when  the  laser  pulse  arrived  ("late"  shockfronts) .  The  breakdown 
thus  took  place  in  the  low-density  gas  ahead  of  the  shockfront,  in  which  even 
total  ionization  could  not  produce  the  critical  density  needed  for  resonance 
absorption.  No  signal  was  produced.  On  the  right  of  the  graph  (ax>0),  the 
breakdown  took  place  in  the  overdense  gas  behind  an  "early"  shockfront.  The 
shockfront  found  itself  in  a  region  of  weak  laser  intensity  and  played  no 
role.  Its  position  was  irrelevant,  and  the  signal  strength  was  similar  to 
that  produced  in  an  unshocked,  homogeneous  gas.4  But  when  the  shockfront  was 
in  correct  focus  (Ax=0) ,  the  signal  was  enhanced  by  a  factor  10. 

Further  insight  into  the  details  of  the  interaction  is  gained  from  meas¬ 
urements  of  the  angular  distribution  of  electron  emission  from  shockfront 
targets.  For  this  experiment,  the  electronic  detector  was  replaced  by  x-ray 
films  wrapped  in  A1  foil.  In  Fig.  4,  two  such  films  are  presented  as  seen  by 


Figure  4.  X-ray  film  exposure  by  fast 
electrons  emitted  in  RA.  In  both  films, 
the  plane  of  polarization  intersects 
the  film  in  a  horizontal  line  which 
passes  through  the  spot  of  exposure. 
Homogeneous  gaseous  targets  (top)  emit 
electrons  in  the  plane  of  polarization, 
but  the  angle  of  peak  emission  varies 
widely  from  shot  to  shot,  because  the 
direction  of  ^n  is  not  reproducible. 

In  shockfront  targets  (below) ,  vn 
points  along  the  shock- tube  axis,  and 
this  is  the  direction  of  strongest 
electron  emission.  The  shockfront 
moved  at  M  =  4.8  in  43  torr  D2- 


the  target.  The  plane  of  polarization  intersects  each  film  in  a  horizontal 
line  which  passes  through  the  center  of  the  spot  of  exposure .  The  upper  film 
was  produced  in  homogeneous  gas  and  is  included  for  comparison.  Here, 
unreproducible  emission  in  the  plane  of  polarization  and  into  a  wide  range  of 
oblique  angles  is  seen,  in  accordance  with  theory  and  as  described  in  a  pre¬ 
vious  publication.4  "Early"  shockfronts  produce  similar  patterns  of  exposure. 
"Late"  shockfronts  produce  no  exposure.  As  seen  in  the  lower  film,  however, 
properly  focussed  shockfronts  emit  electrons  predominantly  in  a  cone  of 
half-angle  20°  -  25°,  centered  on  the  shock- tube  axis.  Since  electrons  are 
emitted  along  the  plasma  density-gradient  vector,  this  observation  proves 
that  the  orientation  of  the  shockfront  density  gradient  has  been  imposed  on 
the  breakdown  plasma. 

Figs.  3  and  4  prove  that  breakdown  of  a  shockfront  produces  a  reproducibly 
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and  optimally  oriented  target  for  studies  of  electron  emission  in  RA.  Our 
observation  has  been  that  the  hot-electron  temperature  of  the  electron  energy 
spectrum  of  such  emission  is  quite  reproducible.  A  typical  spectrum,  shown 
in  Fig.  5,  exhibits  a  characteristic  "bi-Maxwellian"  shape  with  a  thermal 
component  (Tc  ~  2  keV)  below  40  keV  and  a  supra thermal  component  (T^  =  36  keV) 
above.  The  scaling,  with  peak  laser  intensity,  of  the  suprathermal  electron 
"temperature"  is  shown  in  Fig.  6.  We  see  that  11  I®,  with  B  =  0.32  ±  0.03, 


Figure  5.  A  typical  hot -electron 
energy  spectrum.  The  dark  bars 
along  the  horizontal  axis  re¬ 
present  the  energy  widths  of 
the  charge  collectors.  The 
spectrum  has  a  distinct  "cold" 
component  below  e=40  keV  and 
a  suprathermal  "tail"  due  to  ] 

electron  acceleration  in  RA.  J 
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Figure  6.  Scaling  of  hot -electron 
temperature,  Tu ,  with  laser  pulse 
energy.  Ep.  A  tick  mark  calibrates 
the  horizontal  axis  with  peak 
laser  intensity.  Data  from  45  laser 
shots  were  averaged  in  groups  of 
from  3  to  13  to  produce  this  graph. 
The  scaling  exponent,  0.32±0.03, 
is  in  agreement  with  the  theory  of 
steady-state  profile  modification 
by  the  pondermotive  force. 


PULSE  ENERGY,  mj 


in  good  agreement  with  the  predicted  value  of  B  =  0.31  -  0.39.  This  consti¬ 
tutes  the  first  direct  confirmation  of  this  important  theoretical  prediction. 

To  summarize,  we  have  demonstrated  that  shockfronts,  ionized  by  intense 
laser  pulses,  produce  plasma  targets  that  are  ideal  for  the  study  of  electron 
emission  in  resonance  absorption.  We  have  observed  such  emission  from  shock- 
fronts  and  have  directly  verified  for  the  first  time  that  the  electron  energy 
spectrum  scales  with  laser  intensity  as  predicted  by  models  of  profile 


Kolodner  and  Yablonovitch 


1 494) 


steepening  by  radiation  pressure. 

This  work  was  performed  at  Harvard  University  and  was  supported  by 
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EXPERIMENTAL  STUDY  ON  THE  IONIZATION  OF  ARGON  GAS  IN 
A  NON-EQUILIBRIUM  STATE  BEHIND  REFLECTED  SHOCK  WAVES 


K.Terao,  M.Hozaka  and  H.Kaitoh 
Department  of  Mechanical  Engineering 
Yokohama  National  University,  Yokohama,  Japan 


The  electron  temperature,  the  density  and  the 
ion  temperature  in  argon  gas  behind  reflected 
shock  waves  were  measured  by  a  laser  light  scat¬ 
tering  method,  while  the  gas  temperature  was  meas¬ 
ured  by  the  spectroscopic  method.  The  values  of 
these  three  temperatures  are  different  from  each 
other  during  a  certain  period  after  arrival  of  the 
reflected  shock  front.  Both  the  electron  and  ion 
temperatures  are  much  higher  than  the  theoretical 
gasdyncLinic  temperature.  The  ionization  rate  is 
also  much  higher  that  that  in  the  equilibrium 
state,  but  the  measured  gas  temperature  is  lower 
than  the  theoretical  one. 

These  results  suggest  that  the  argon  gas  is  in 
a  non-equilibrium  state  during  the  first  period.^ 
This  is  supported  by  the  fact  that  the  induction 
period  of  light  emission  in  argon  behind  reflected 
shock  waves  fluctuates  with  a  definite  probability 
which  depends  on  the  physical  state  of  the  gas. 

The  phenomena  are  explained  as  an  irreversible 
process  in  which  the  association,  the  ionization 
and  the  recombination  of  argon  atoms  take  place. 


INTRODUCTION 

At  an  irreversible  process  from  a  stable  state  to  another 
stable  state,  an  entropy  increase  is  observed  according  to  the 
second  law  of  thermodynamics.  As  both  the  initial  and  final 
states  have  a  maximum  entropy,  the  process  must  pass  a  minimum 
entropy  state  at  least  once.  On  the  other  hand  the  entropy  is  ex¬ 
pressed  as  a  product  of  the  Boltzmann  constant  and  the  logarithm 
of  the  probability  of  the  state.  The  probability  of  the  minimum 
entropy  state  therefore  must  be  less  than  that  of  the  initial 
state  as  well  as  the  final  state.  That  is,  the  irreversible  pro¬ 
cess  must  pass  through  some  non-equilibrium  states  and  the  prob¬ 
ability  of  the  irreversible  process  is  less  than  both  those  of  the 
initial  and  final  states  and  the  process  must  fluctuate  more  than 
the  initial  and  final  states. 
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We  have  observed  such  fluctuations  and  non-equilibrium  states 
in  some  combustion  phenomena,  for  example,  fluctuation  of  the  in¬ 
duction  period  of  ignition  and  electron  temperature  in  flames  and 
detonation  waves  much  higher  than  the  mean  gas  temperature  (ref.l, 
2  and  3) . 

Similar  fluctuations  and  non-equilibrium  states  should  also 
be  observed  in  the  ionization  of  gases  behind  shock  waves,  because 
this  kind  of  ionization  proceeds  very  rapidly  and  consists  of  some 
irreversible  processes.  We  therefore  measured  the  electron,  ion 
and  gas  temperatures  as  well  as  the  induction  periods  of  light 
emission  in  argon  gas  behind  reflected  shock  waves.  These  three 
temperatures  are  different  from  each  other  and  the  induction  peri¬ 
ods  fluctuate,  too.  The  measured  results  and  their  explanations 
are  reported  in  this  paper. 


EXPERIMENTS 


Our  experiments  were  carried  out  using  a  4  m  long  stainless 
steel  tube  having  an  inner-diameter  of  49  mm.  The  tube  was  divided 
with  a  polyester  film  into  two  segments  of  1  m  and  3  m  length,  re¬ 
spectively.  Hydrogen  gas  was  charged  as  a  driving  gas  in  the  1  m 
long  segment,  while  the  remaining  3  m  long  segment  was  filled  with 
99.996%  argon  gas.  Shock  waves  were  produced  in  the  argon  gas  by 
breaking  the  polyester  film  and  reflected  at  the  end  wall  of  the 
tube.  The  incident  shock  waves  contain  two  principal  waves  whose 
Mach  numbers  are  4.8  and  6.7,  respectively.  The  theoretical  gasdy- 
namic  temperatures  in  the  argon  behind  the  reflected  shock  waves 
were  estimated  to  be  5,300  K  and  10,000  K,  respectively. 


The  electron  and 
ion  temperatures  in 
shock  heated  argon 
were  measured  by  a 
laser  light  scattering 
method.  Fig.l  shows  an 
arrangement  of  the 
measuring  apparatus.  A 
Q-switched  ruby  giant 
pulse  laser  having  20± 
2  MW,  20  nsec  duration 
of  half  value  intensi¬ 
ty  and  6943  A  wave¬ 
length  set  at  the  end 
part  of  the  shock  tube 
was  focussed  through  a 
sapphire  window  on  the 
axis  of  the  shock 
tube. 
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The  emission  of  the  Fig.l.  Arrangement  of  the  experi- 

laser  beam  was  triggered  by  mental  apparatus  for  the  laser 

the  pressure  of  the  incident  light  scattering  method, 
shock  front  through  a  piezo¬ 
electric  pressure  transducer. 

Its  triggering  time  was  regulated  by  a  delay-circuit  in  such  a  way 
that  the  laser  beam  could  be  emitted  at  an  arbitrary  instant  after 
the  reflected  shock  front  had  passed  the  measuring  point.  Thus,  it 
was  possible  to  direct  the  laser  beam  to  an  arbitrary  position  be¬ 
hind  the  reflected  shock  waves. 
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At  the  same  time,  the  light  of  an  arbitrary  wavelength  scat¬ 
tered  by  the  charged  particles  in  argon  behind  the  reflected  shock 
waves  in  a  direction  at  an  angle  of  90°  to  the  incident  laser  beam 
was  observed  through  a  sapphire  window  at  the  end  plate  of  the 
shock  tube.  The  variation  of  its  intensity  was  measured  by  a  mono¬ 
chromator,  a  photomultiplier (Hamamatsu  TV  R466)  and  an  oscillo¬ 
scope.  In  some  cases,  the  spectrographs  of  the  scattered  light 
dispersed  by  the  monochromator  were  recorded  directly  on  photo¬ 
graphic  films.  Light  trap  diaphragms  Di ,  D2 ,  a  filter  and  a  polar¬ 
izer  were  set  in  the  light  path  in  order  to  eliminate  the  stray 
light  and  luminescence  of  the  shock  waves,  as  shown  in  Fig.l. 

On  the  other  hand,  the  intensity  of  several  spectrum  lines 
having  different  wavelength  emitted  from  the  shock  heated  argon 
gas  were  measured  with  the  monochromator  and  the  photomultiplier 
in  order  to  obtain  the  gas  temperature.  The  monochromator  and  the 
photomultiplier  were  set  at  the  position  of  the  laser  for  the 
scattering  method.  The  variation  of  the  intensity  of  the  spectrum 
lines  of  the  argon  was  recorded  through  an  oscilloscope,  so  that 
the  intensity  of  a  spectrum  line  at  an  arbitrary  position  behind 
the  reflected  shock  front  could  be  obtained. 

In  addition  to  the  experimental  apparatus  for  the  measurement 
of  the  spectrum  lines  a  piezoelectric  pressure  transducer  was  set 
at  the  end  plate  of  the  shock  tube,  so  that  the  instant  of  the  re¬ 
flection  of  the  incident  shock  front  at  the  tube  end  could  be 
marked,  while  the  beginning  of  the  emission  in  argon  was  observed. 
In  our  experiments  we  observed  the  spectrum  line  of  6043.2  a 
wavelength  from  argon  at  the  theoretical  gasdynamic  temperature  of 
3,300  K,  4,200  K  and  4,900  K  of  argon  gas  having  a  density  of 
0.03  kg/m3  behind  the  reflected  shock  waves. 


We  could  measure  the  period  tg  from  the  reflec 
cident  shock  front  at  the  tube  end  to  the  beginning 
emission  in  argon,  while  the  propagation  period  tp 
ted  shock  front  from  the  tube  end  to  the  measuring 
calculated  from  the  initial  condition  and  the  veloc 
cident  shock.  We  took  the  difference  between  tg  and 
duction  period  of  light  emission.  The  experiment  at 
was  repeated  more  than  50  times,  so  that  the  histog 
duction  period  could  be  obtained.  The  fluctuation  o 
shock  propagation  velocity  was  always  kept  within  ± 
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EXPERIMENTAL  RESULTS 

The  laser  light  scattered  in  an  ionized  gas  consists  of  two 
components:  the  electron  component  and  the  ion  component.  The 
spectrum  of  the  electron  component  has  a  relatively  wide  frequency 
range  but  low  intensity,  while  that  of  the  ion  component  has  a 
very  small  frequency  range  and  high  intensity  in  our  cases (ref . 4) . 

1)  Electron  Temperature 

Comparing  the  spectra  obtained  from  the  experiments  with 
those  theoretically  obtained  by  W.H. Kegel (ref . 5) ,  it  is  possible 
to  estimate  the  characteristic  parameter 

_  „  *o  ,,, 
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where  XQ  is  the  wavelength  of  the  incident  laser  beam,  D  the  Debye 
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Fig. 2.  Spectra  of  the  elec¬ 
tron  component  of  the  scat¬ 
tered  light  in  argon  at  50 
Msec  after  the  passage  of  re¬ 
flected  shock  front .  Mach  num¬ 
ber  of  the  incident  shock: 
6.7,  Isc:relative  intensity, 
AX : wavelength  deviation  from 
that  of  the  laser  beam. 


Fig. 3.  Measured  electron  tem¬ 
perature  Te  and  theoretical 
gasdynamic  temperature  with 
respect  to  the  time  t  after  the 
passage  of  reflected  shock 
front.  Mach  number  of  the  inci¬ 
dent  shock  is  6.7  for  the  solid 
line  and  4.8  for  the  broken 
1  ine . 


length  and  0  the  scattering  angle.  In  Fig. 2  an  example  of  the 
theoretically  possible  spectrum  of  the  measured  scattering  light 
corresponding  to  the  maximum  and  minimum  values  of  a  is  shown. 

From  the  values  of  a  and  the  spectra  we  obtained  the  electron  tem¬ 
perature  Te  and  density  by  the  method  developed  by  W.H. Kegel (ref . 
5).  Fig.  3  shows  the  measured  electron  temperature.  '■ 

2)  Ion  Temperature 

As  the  ion  component  of  the  - 

scattered  light  had  such  a  small  1,0  A 

frequency  range  that  the  measure-  /  A 

ment  with  the  photomultiplier  could  /  \ 

not  be  performed  to  obtain  its 

spectrum,  we  first  took  the  direct  4C  A 

photographs  of  the  scattered  light  05  \ 

dispersed  through  the  monochromator  ‘ 
and  analyzed  them  with  a  micropho-  \ 

tometer.  Fig. 4  illustrates  an  ex-  N. 

ample  of  the  spectra  of  scattered  x. 

light  analyzed  with  the  microphoto- 

meter.  It  shows  both  the  ion  and  1 j 1 1 - r-r-1 

electron  components,  but  in  most  . 

cases  we  observed  only  the  ion  * 

component.  Fig. 4.  Spectrum  of  the 

scattered  light  obtained 

We  can  calculate  from  these  from  spectrographs.  3  psec 

spectra  the  ion  temperature  just  after  arrival  of  reflected 

like  the  electron  temperature(ref .  shock  front.  Mach  number  of 

5)  under  the  consideration  of  the  incident  shock  is  6.7. 

the  characteristic  parameter  AX^:  half  value  width. 
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Fig. 4.  Spectrum  of  the 
scattered  light  obtained 
from  spectrographs.  3  psec 
after  arrival  of  reflected 
shock  front.  Mach  number  of 
the  incident  shock  is  6.7. 
AX^:  half  value  width. 
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and  ion  mass.  As  the  characteristic  parameter  in  our  cases  is  al¬ 
most  equal  to  zero,  we  calculated  the  ion  temperature  from  the 
half  value  width  of  the  intensity  A  A  h .  Fig. 5  shows  the  measured 
ion  temperature  in  argon  behind  the  reflected  shock  waves  whose 
incident  shock  waves  had  a  Mach  number  of  6.7. 


Fig.5(left).  Ion  temperature  Tj 
measured  by  the  laser  light  scat¬ 
tering  method  and  theoretical  gas- 
dynamic  temperature  T^  in  argon 
with  respect  to  the  time  t  after 
passage  of  the  reflected  shock 
front . 
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3)  Gas  Temperature 


Fig. 6.  Gas  temperature  Tg  meas¬ 
ured  by  the  spectroscopic  method. 
We  tried  to  measure  the  Mach  number  of  the  incident  shock 

gas  temperature  of  argon  be-  is  6.7  for  the  solid  line  and  4.8 

hind  reflected  shock  waves  for  the  broken  line, 

by  observing  the  intensity 
of  several  spectrum  lines 

emitted  from  argon  under  the  assumption  that  the  shock  heated  gas 
is  in  an  equilibrium. 


In  our  experiments  we  measured  the  intensities  I  of  the  spec¬ 
trum  lines  of  5373.6  a,  5912.1  a  and  6052.7  A  wavelength,  respec¬ 
tively  and  estimated  the  gas  temperature  according  to  the  fol¬ 
lowing  equation (ref . 3) : 


1  *  37  §nAnm  UtTyexp(~  icT^  » 

where  h  is  the  Planck’s  constant,  v  the  frequency  of  the  spectrum 
line,  gn  the  statistical  weight,  Aj,™  the  transition  probability  of 
the  line,  N(T)  the  gas  density,  U(Tj  the  partition  function,  En 
the  energy  of  the  n-level  of  the  line  and  k  Boltzmann  constant. 
Anmi  gn  an<*  En  were  taken  from  the  Journal  of  Quantitative  Spec¬ 
troscopy  and  Radiative  Transfer  (London,  1961). In  order  to  confirm 
these  values,  we  compared  these  values  withthose  measured  by  the 
light  reversal  method  in  the  same  argon  gas  behind  reflected  shock 
waves  whose  incident  shock  had  a  Mach  number  of  4.2.  Fig. 6  illus¬ 
trates  the  measured  gas  temperature  Tg  with  respect  to  the  time  t 
after  the  passage  of  the  reflected  shock  front. 


(500) 


Terao  et  al. 


4)  Probability  of  Light  Emission 


The  induction  period  of  light  emission  in  the  argon  gas  be¬ 
hind  reflected  shock  waves  fluctuated  in  a  fairly  large  range. 
From  the  results  measured  more  than  50  times  we  obtained  a  histo¬ 
gram  of  the  induction  period  of  light  emission  for  each  experimen¬ 
tal  condition.  Fig. 7  shows  an  example  of  such  histogram  in  which 
t  means  the  induction  period  and  N  the  frequency. 

t  Msec 


I  Msec 


Fig. 7.  Histogram  of  induction 
period  of  light  emission  in 
argon  gas  behind  reflected 
shock  waves.  Mach  number  of 
the  incident  shock  is  4.3. 


Fig. 8.  In  P(t)  against  the 
induction  period  of  light 
emission  t  at  the  same  con¬ 
dition  of  Fig. 7. 


If  q (t)  is  the  probability  density  of  light  emission,  P(t) 
the  probability  of  light  emission  whose  induction  period  is  lon¬ 
ger  than  t,  m  the  molar  number  of  the  shock  heated  gas  from  which 
the  light  emission  is  observed  (  m  is  constant  in  this  case)  ,  and 
y  the  probability  of  light  emission  in  one  mole  gas  per  unit  time, 
we  can  calculate  the  light  emission  probability  p  according  to  the 
following  equations  (ref.l): 


P(t)  =  /*q(t) • dt 

(3) 

m*p*  P(t) -dt  =  -  dP 

(4) 

m.p  =  -  . 

(5) 

Fig. 8  illustrates  an  example  of  the  relations  between  lnP(t) 
and  t,  which  are  almost  linear.  This  result  means  that  the  light 
emission  probability  p  is  constant  for  time  t  and  the  phenomenon 
of  the  light  emission  in  a  shock  heated  gas  is  of  a  stochastic  na¬ 
ture  like  ignition  or  nucleation ( ref . 1 ,6)which  takes  place  with  a 
certain  definite  probability  under  a  definite  condition.  The  phe¬ 
nomenon  consists  of  two  processes,  that  is,  the  initiation  process 
and  the  development  process.  The  period  *  in  which  no  light  emis¬ 
sion  is  observed  is  the  development  period  in  which  the  phenomenon 
develops  to  such  a  state  that  the  light  emission  becomes  observa¬ 
ble. 


Fig. 9  illustrates  the  logarithm  of  the  light  emission  prob¬ 
ability  p  and  that  of  the  development  period  t  with  respect  to  the 
reciprocal  theoretical  gasdynamic  temperature  of  the  argon. 
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Fig . 9 (right) .  lny  and  lnt  with 
respect  to  the  reciprocal  theo¬ 
retical  gasdynamic  temperature 
in  the  argon  gas  behind  reflec¬ 
ted  shock  waves.  The  density  of 
gas  behind  the  reflected  shock 
waves  is  always  0.033  kg/m3. 
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DISCUSSION 

In  Fig. 10  the  measured  electron  temperature  Te,  ion  temper¬ 
ature  and  gas  temperature  Tg  as  well  as  the  theoretical  gasdy¬ 
namic  temperature  T^  in  argon  behind  reflected  shock  waves  whose 
incident  shock  has  a  Mach  number  of  6.7  are  again  illustrated  in  a 
group  with  respect  to  the  time  t  after  the  passage  of  the  reflec¬ 
ted  shock  front  at  the  measuring  point.  During  the  first  100  usee 
to  200  ysec  both  the  electron  and  ion  temperatures  are  much  higher 
than  the  theoretical  gasdynamic  temperature,  while  the  measured 
gas  temperature  is  rather  lower  than  the  theoretical  one. 

1)  Gas  Temperature 


The  gas  temperature  measured  by  the  spectroscopic  method  is 
much  lower  than  the  theoretical  gasdynamic  temperature.  As  ex¬ 
plained  in  the  previous  section,  the  light  emission  in  a  shock 


Fig. 10  equation. 
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heated  gas  is  a  stochastic  phenomenon  in  which  a  fairly  large 
fluctuation  occurs  with  a  certain  probability.  This  light  emission 
consists  of  two  processes:  the  initiation  and  the  development. 
During  the  period  of  a  few  hundred  microseconds  from  the  beginning 
of  emission  to  the  time  in  which  the  whole  gas  emits  light,  the 
gas  is  not  in  an  equilibrium  state.  The  gas  contains  two  parts, 
one  of  which  emits  light  and  the  other  does  not  emit  light.  That 
is,  there  are  high  temperature  parts  and  low  temperature  parts 
simultaneously.  During  this  period  the  correct  gas  temperature 
cannot  be  obtained  by  the  spectroscopic  method,  because  some  parts 
of  the  gas  at  high  temperature  emit  light,  while  the  other  parts 
of  lower  temperature  absorb  light.  A  value  of  the  gas  temperature 
lower  than  the  average  one  is  thus  sometimes  obtained  by  the  spec¬ 
troscopic  method. 

2)  Electron  and  Ion  Temperatures 

The  electron  temperature  as  well  as  the  ion  temperature  meas¬ 
ured  by  the  laser  light  scattering  method  is  much  higher  than  the 
theoretical  gasdynamic  temperature.  Fig. 11  illustrates  the  ioni¬ 
zation  rate  of  argon  behind  reflected  shock  waves,  obtained  by 
the  laser  light  scattering  method,  in  comparison  with  that  ob¬ 
tained  theoretically  according  to  Saha’s  equation.  At  first  the 
measured  value  of  the  ionization  rate  is  much  higher  than  the 
theoretical  one  and  then  approaches  it  after  about  200  psec.  This 
means  that  the  ionized  argon  gas  behind  reflected  shock  waves  is 
at  first  in  a  non-equilibrium  state,  as  the  light  emission  also 
suggests.  In  a  shock  heated  gas,  therefore,  there  must  be  some 
very  high  temperature  parts  which  initiate  the  ionization. 

On  the  other  hand,  we  have  observed  in  argon  gas  behind  re¬ 
flected  shock  waves  an  ion  mass  of  about  twice  the  value  of  an  ar¬ 
gon  atom  during  the  first  20  psec  by  the  double  probe  method  using 
a  high  frequency  multistep  potential (ref . 7) .  This  suggests  that 
some  argon  atoms  associate  with  each  other,  forming  diatomic  ar¬ 
gon  Ar2  and  ionize.  According  to  the  results  obtained  by  the  laser 
light  scattering  method,  the  ion  temperature  is  lower  than  the 
electron  temperature.  Considering  the  association,  however,  and 
using  the  mass  of  Ar2 ,  we  obtain  the  ion  temperature  shown  in 
Fig. 10  as  a  broken  line  indicated  with  Ar2.  This  result  agrees 
quite  well  with  the  electron  temperature  during  the  first  20  psec, 
but  after  that  the  ion  temperature  becomes  too  high.  The  associ¬ 
ated  argon  atoms  are  dissociated  again  after  the  ionization  pro¬ 
ducing  Ar  ions.  The  ion  temperature  can  thus  be  calculated  from 
the  spectra  of  the  scattered  light  at  first  with  the  mass  of  asso¬ 
ciated  argon  ions  Ar2,  then  with  the  mixture  of  ArJ  and  Ar+,  and 
finally  with  the  mass  of  the  monatomic  Ar+.  Under  such  assumption 
a  variation  of  the  ion  temperature  in  argon  with  respect  to  the 
time  after  passage  of  the  reflected  shock  front  is  indicated  as  a 
broken  line  (T^)  in  Fig. 10. 

The  anomalously  high  temperatures  of  the  free  electrons  and 
ions  in  argon  behind  reflected  shock  waves  are  thus  caused  by  the 
heat  released  through  the  association. 

Summarizing  the  results  observed  in  our  experiments  the  pro¬ 
cesses  are  explained  as  follows: 

1)  At  first  argon  atoms  in  some  points  behind  reflected  shock 
waves  associate  with  each  other,  releasing  some  reaction  heat 

2)  With  the  released  heat  the  association  develops  further. 

3)  The  light  emission  and  the  ionization  of  the  associated  and 
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monatomic  argon  are  observed  in  the  course  of  association.  The 
phenomena  proceed  during  this  period  in  a  non-equilibrium  state 
and  both  the  ion  and  electron  temperatures  become  much  higher  than 
the  average  gas  temperature. 

4)  Then  the  associated  argon  atoms  dissociate  again  and  the  state 
approaches  an  equilibrium,  accompanying  the  partial  recombination 
of  ions  and  free  electrons. 


CONCLUSIONS 

The  results  obtained  by  the  laser  light  scattering  method 
and  spectroscopic  method  show  the  following  phenomena  occur  in  ar¬ 
gon  gas  behind  reflected  shock  waves: 

1)  The  electron  temperature,  ion  temperature  and  gas  temperature 
in  argon  are  different  from  each  other  during  the  first  period  of 
a  few  hundred  microseconds  after  arrival  of  the  reflected  shock 
front;  the  electron  and  ion  temperatures  are  much  higher  than  the 
theoretical  gasdynamic  temperature,  while  the  gas  temperature  is 
apparently  lower  than  the  theoretical  one. 

2)  The  ionization  rate  in  argon  gas  during  the  first  period  is 
also  much  higher  than  that  in  the  equilibrium  state. 

3)  The  induction  period  of  light  emission  fluctuates  with  a  cer¬ 
tain  probability  determined  by  the  physical  state  of  the  gas. 

From  these  phenomena  we  concluded  asfollows: 

1)  The  process  is  irreversible,  in  which  the  argon  gas  is  in  a 
non-equilibrium  state  during  the  first  period  of  a  few  hundred 
microseconds  after  the  arrival  of  the  reflected  shock  front. 

2)  At  first,  when  the  reflected  shock  front  arrives,  the  argon 
atoms  associate  partially  with  each  other  and  form  diatomic  mole¬ 
cules,  releasing  reaction  heat. 

3)  The  associated  argon  atoms  heated  by  the  reaction  heat  are  ion¬ 
ized  and  then  dissociated,  releasing  free  electrons  and  monatomic 
ions . 

4)  Then  the  recombination  of  excessive  ions  with  free  electrons 
takes  place.  The  ions  and  free  electrons  approach  an  equilibrium 
state  and  thus  the  argon  gas  becomes  homogeneous. 

5)  The  gas  temperature  measured  by  the  spectroscopic  method  does 
not  indicate  the  mean  gas  temperature,  because  of  the  non-equilib¬ 
rium  state  and  inhomogeneity  during  the  first  period.  Generally 
such  non-equilibrium  states  and  fluctuating  phenomena  should  occur 
in  irreversible  processes.  The  association  of  argon  atoms  is  not 
yet  clear  and  should  be  further  investigated. 
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NEW  EXPERIMENTAL  RESULTS  UPON  IONIZATIONAL 
RELAXATION  OF  A  SHOCK  HEATED  XENON  PLASMA 
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This  paper  deals  with  the  ionizational  relaxation  of  a  shock 
heated  Xenon  plasma.  The  initial  pressures  are  1.5  and  10 
torr  ,  the  rate  of  impurities  is  below  10~3  and  the  Mach 
numbers  lie  within  the  range  8  to  18.  The  measurements  of 
the  total  relaxation  time  and  the  velocity  are  determined  by 
the  use  of  schlieren  systems.  The  growth  of  the  electron  den¬ 
sity  is  deduced  from  the  datas  given  by  a  submillimeter  inter¬ 
ferometer  operating  at  890  GHz  and  by  spectrophotometers. 

Our  experimental  results  show  the  products  Pit  are  depending 
on  Pi,  and  the  increase  of  the  electronic  density  is  much 
faster  than  the  one  given  by  the  theoretical  model  developed 
for  inert  gases  | l| .  For  these  reasons  this  model  must  be 
revised  and  we  think  that  a  better  agreement  could  be  obtai¬ 
ned  by  the  introduction  of  two  temperatures  in  the  electro¬ 
nic  velocity  distribution. 

INTRODUCTION 

The  ionization  process  of  noble  gases  excited  by  normal  shock  waves  has 
been  studied  extensively  | 1  to  7| .  The  general  feature  of  the  mechanisms  which 
happen  in  the  relaxation  zone  may  be  described  as  follows : 

Near  the  upstream  region  of  the  shock,  ionization  is  initiated  by  atom- 
atom  inelastic  collisions  according  to  | 1 | 

( 1 )  A  +  A  -*■  A*  +  A  then  A  +  A*  -*■  A+  +  A  +  e 

As  reactions 

(2)  A  +  e  ^  A*  +  e  then  A*  +  e  J  A+  +  e  +  e 

are  more  efficient  than  the  A-A  collisions,  they  quickly  dominate  these  latter. 
Equilibrium  is  reached  when  the  number  of  electrons  is  such  that  the  reverse 
reactions  balance  the  direct  ones. 

The  above  mentioned  mechanisms  seem  to  explain  satisfactorily  the  experi¬ 
mental  results  for  M  >  12.  But,  the  inelastic  cross  sections  of  reactions  (1) 
and  (2)  being  adjusted  according  to  experiment  conditions  | 4 | ,  the  present 
investigation  was  undertaken  in  order  to  try  to  check  such  adjustement.  For  this 
purpose  we  have  studied  plasma  of  Xenon  generated  by  shock  waves  for  initial 

pressures  1.5  and  10  torr  and  for  Mach  numbers  lying  within  the  range  8  to  16. 
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apparatus  and  procedure 

The  shock  tube  is  composed  of  surfaced  stainless  pipe  1 1  m  in  length,  with 
a  10  cm  internal  diameter.  It  is  filled  with  Xenon  N  45  delivered  by  Air  Li- 
quide.  The  rate  of  impurities  is  below  10“ 3  and  their  ionization  energies  ge¬ 
nerally  are  higher  than  that  of  Xenon. 

The  passage  of  the  shock  front  at  successive  positions  along  the  shock  tu¬ 
be  is  detected  by  schlieren  systems.  The  oscillogramm  (Fig.  1)  shows  the  passage 
of  the  shock  front,  the  arrival  of  the  luminous  front  and  the  contact  surface. 
Thus,  the  total  relaxation  time,  the  velocity  of  the  shock  front  and  their  va¬ 
riation  along  the  shock  tube  are  measured  accurately  (within  2  %) . 

Near  the  equilibrium  region,  electronic  density  is  deduced  from  the  abso¬ 
lute  measurement  of  the  continuum  in  the  range  472.2  nm  and  486.4  nm.  Schluter's 
coefficients  E,  are  used  in  our  computation. 

To  continue  the  investigation  of  the  relaxation  zone,  we  have  carried  out 
electronic  density  variation  measurement  using  a  submillimeter  interferometer 
| 9 |  (X  =  337  ym)  which  covers  the  range  of  lCr8  to  5.10zo  e  m-3  in  our  experi¬ 
mental  conditions  (Pi  =1.5  torr) ,  Fig.  2  is  an  example  of  the  observed  signal. 


shock  luminous  contact 

front  front  surface 


Fig,  1  :  Schlieren  oscillogramm 
M  =  10  Pi  =  1.5  torr 


Fig.  2  :  Submillimeter  interferometer 
response.  The  lower  trace  is  the  conti¬ 
nuation  of  the  upper  trace 

M  -  9  Pi  =  1.6  torr 


It  shows  the  shift  of  the  fringes  and  the  absorption  of  the  electromagnetic  wa¬ 
ve,  from  which  the  effective  collision  frequencies  Veff.  and  the  effective  plas¬ 
ma  frequencies  can  be  determined.  Using  Frost  and  Phelp's  data  1 8 1  , 

Coulombian  crors  sections  and  Maxwellian  distribution  functions,  we  have  compu¬ 
ted  ] 9 |  the  theoretical  values  of  Wpef^  and  as  a  function  of  the  lectro- 

nic  temperature  Te  and  the  degree  of  ionisation  a  =  —  .  In  our  condi- 

,Nee2 

is  equal  to  u  =  — - — 

p  '•e0me 

density  must  be  easily  determined.  Fig.  3  is  an  example  of  the  variation  of 
Vgff./No  and  Ne  versus  time  for  M  =  10.  Unlike  the  smooth  variation  of  Ne,  the 
effective  collision  frequency  is  not  a  monotone  function  | 6 | .  Fig.  4  is  an 
attempt  at  the  determination  of  the  variation  of  Te  from  the  experimental  values 
and  the  theoretical  results  of  computation  concerning  a  and  veff,/No.  Note  that 
near  a  ■  10" 3  it  is  rather  difficult  to  deduce  Te  from  experimental  data  (curve 
with  stars)  which  are  furthermore  determined  with  a  large  uncertainty. 


tions,  Wpeff 


1/2 

J  and  v 


eff. 


/oj  <<  1 .  Thus  the  electronic 
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Fig.  3  .-e[ Density  and  effective  collision  Fig.  4  :  An  attempt  at  the  determi- 
frequency  profiles  obtained  with  the  sub-  nation  of  the  electronic  temperatu- 
millimeter  interferometer.  re  from  the  experimental  values  of 

<x  and  \>eff'/N0. 

It  must  be  emphasized  that  the  electronic  density  gradient  is  sufficiently 
weak  to  allow  an  accurate  measurement  of  Ne. 

THEORETICAL  RESULTS,  COMPARISON  WITH  EXPERIMENTAL  RESULTS 

The  flow  is  assumed  to  be  steady  and  one  dimensional  in  shock  coordinates. 
In  the  relaxation  region,  dissipative  and  radiative  effects  are  neglected,  and 
moreover,  the  velocity  distributions  of  the  atoms  and  of  the  electrons  are 
assumed  to  be  maxwellian.  The  local  characteristic  temperatures  of  these  dis¬ 
tributions,  respectively  Tr  and  Te,  can  be  determined  by  means  of  the  Rankine 
Hugoniot's  relations  supplemented  by  the  electronic  energy  balance  equation. 
Using  a  similar  model  as  the  one  presented  by  Wong  and  Bershader  | 1 |  we  have 
computed  the  growth  of  the  electronic  density  behind  a  shock  front.  We  have 
theoretically  verified  that  the  production  of  electrons  by  inelastic  collisions 
between  atoms  is  preponderant  only  during  30  %  of  the  total  relaxation  time  and 
therefore  the  products  Pit  are  weakly  depending  on  Pj  and  are  principally  depen¬ 
ding  on  M.  Fig.  5  shows  the  measured  values  of  product  Pji  as  a  function  of 
1/Tao  or  M,  for  initial  pressures  1.5  torr  and  10  torr  .  Solid  curves  are  theo¬ 
retical  curves  computed  with  two  values  of  the  inelastic  cross  sections; for  cur¬ 
ve  (1),  they  are  those  of  Chubb  j  5 1  and  for  curve  (2)  they  have  been  increased 
10  times.  For  M  >  14,  there  is  a  reasonable  agreement  between  experimental  and 
theoretical  results.  This  is  more  doubtfull  within  the  range  10  <  M  <  14  where 
the  experimental  values  agree  with  the  computed  one  using  Chubb's  cross  sec¬ 
tions  for  Pj  =  10  torr  and  these  values  increased  10  times  for  Pi  =  1.5  torr. 
When  M  <  10  the  discrepancy  is.  complete.  Moreover,  a  further  increase  of  the 
cross  sections  is  unable  to  reduce  the  discrepancy,  as  a  consequence  of  the  con¬ 
comitant  decrease  of  Te.  Comparing  our  experimental  results  with  those  published 
by  other  authors,  we  can  notice  that  the  products  Pit  are  nearly  almost  the  same 
when  Pi  is  the  same,  Roth's  results  excepted  | 9 | .  But  their  ranges  of  Mach 
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number  or  initial  pressure  Pi  are  often  narrow.  Without  doubt,  our  results 
show  that  the  product  PjT  depends  on  Pj. 

Fig.  6  compares  the  experimental  electronic  growths  with  the  theoretical 
profiles  computed  with  the  Chubb's  cross  section  increased  10  times.  The  discre¬ 
pancy  is  an  obvious  fact,  especially  at  the  end  of  the  relaxation  zone  where  the 
inelastic  eA  collisions  are  theoretically  the  most  efficient  to  create  electrons 


piT 

(mmhg.  .  s ) 


1)  Theoretical  curve  computed  with 
Chubb's  data  . 


2)  Theoretical  curve  computed  with 
Chubb's  data  increased  10  times 


Fig.  6  :  Comparison  between  experimental 
and  theoretical  profiles  of  the  electron 
growth  (The  cross  section) introduced  in 
our  computation  are  those  of  Chubb 
increased  10  times). 


DISCUSSION 

Effects  of  impurities  have  been  involved  to  explain  the  discrepancies  bet¬ 
ween  experimental  and  theoretical  results  concerning  the  product  Pit  [ 2 | .  Ex¬ 
periments  carried  out  with  other  rate  of  impurities  show  that  they  have  an 
important  effect  upon  the  ionization  rate  at  the  beginning  of  the  relaxation 
zone,  but  if  the  impurity  level  is  less  than  1  part  in  10  ,  the  rate  of  elec¬ 
tron  production  is  not  altered  in  the  zone  where  e-A  inelastic  collisions  are 
prevailing.  Moreover  the  relative  variation  of  the  total  ionization  time  is 
below  30  %.  Therefore,  even  if  the  amount  of  impurities  is  about  10-3,  the 
effect  of  these  impurities  is  unable  to  explain  the  observed  discrepancy  con¬ 
cerning  the  product  Pit. 

We  have  sought  an  explanation  in  looking  at  phenomena  negl jcted  in  the 
above  presented  theoretical  model.  The  photoexcitation  of  atoms  by  resonant 
lines  emitted  by  the  equilibrium  zone  has  been  found  to  have  the  most  important 
effect  upon  the  rate  of  ionization. 
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Fig.  7  and  8  compare  the  efficiency  of  this  process  (curves  4  and  5)  with 
that  of  collisional  processes  (curves  2  and  3) .  The  rate  of  the  radiative  exci¬ 
tation  to  the  level  lSi,  and  IS2  is  computed  according  to  Biberman's  scheme 
[ tO | •  The  experimental  geometrical  size  of  the  plasma  is  taken  into  account, 
which  explains  that  the  arrival  of  the  equilibrium  zones  occurs  at  a  time  T 
smaller  than  the  theoretical  one  appearing  on  curves  (2)  and  (3) .  However  it 
can  be  noticed  that  smaller  is  the  Mach  number  more  important  is  the  effect  of 
the  photoexcitation.  Nevertheless  the  total  computed  rate  of  electron  produc¬ 
tion  is  still  much  smaller  than  the  experimental  one  (curve  1). 


Comparison  of  the  efficiency  of  some  processes  creating  excited  atoms 
Curve  (2)  by  inelastic  A-A  collisions 
Curve  (3)  by  inelastic  e-A  collisions 
Curve  (4)  by  photoexcitation  to  the  level  IS* 

Curve  ( 5 )  by  phoboexcitation  to  the  level  IS2 
Curve  (1)  Experimental  rate  of  electron  production 


CONCLUSION 

In  order  to  fit  experimental  and  theoretical  results  concerning  the  pro¬ 
duct  Pit,  many  authors  change  the  inelastic  cross  sections  they  introduce  in 
their  computation.  An  increase  of  the  A-A  inelastic  cross  section  may  be  justi¬ 
fied  to  allow  for  the  effect  of  impurities  at  the  beginning  of  the  relaxation 
zone,  but  it  seems  difficult  to  justify  all  increase  of  the  e-A  inelastic  cross 
section.  Moreover  we  have  shown  that  this  procedure  is  inadequate  to  explain 
our  experimental  results  concerning  not  only  the  relaxation  time  but  also  the 
profiles  of  the  electron  growth. 

Consequently  we  think  that  nothing  but  a  change  in  the  electron  velocity 
distribution  |ll|  can  explain  such  experimental  results. 
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could  be  liable  to  create  "hot  electrons",  i.e,  electrons  having  an  energy  as 
high  as  4  to  9  eV.  We  think  that  the  energy  of  these  hot  electrons  is  not  imme¬ 
diately  distributed  to  other  electrons  by  elastic  e-e  collisions  and  therefore 
that  phenomena  involves  a  total  distribution  function  composed  of  a  maxwellian 
body  like  the  one  calculated  previously  and  a  perturbation  in  the  range  of 
higher  energy  like  the  one  observed  in  post  discharge  experiments  | 1 2 | .  Coeffi¬ 
cients  of  overpopulation  of  electrons  in  the  tail  of  20  (M  =  10)  and  400 
(M  =  8.4)  enable  to  check  our  experimental  results.  A  rough  preliminary  compu¬ 
ted  model  | 13 |  to  understand  the  formation  of  this  tail  is  not  yet  satisfying 
but  we  expect  better  results  in  the  next  few  months. 
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The  number  density  nn  of  the  first  excited  level 
of  krypton  has  been  determined  during  the  ioni¬ 
sation  relaxation  by  time  resolved  absorption 
spectroscopy  of  the  Kr  I  line  Iscj  •+•  2pg  at 
X  =  811.3  nm.  Using  aim  grating  monochromator 
and  a  pulsed  continuous  background  light  source 
densities  2  •  101S  m-3  <  n-  $  2  •  1018  m“3  could 
be  measured.  The  electron  densities  were  measured 
simultaneously  with  a  4  mm  microwave  interfero¬ 
meter  from  ne  =  2  •  1018  m-3  to  ne  =  4  •  1019  m-3. 

We  used  a  diaphragm  shock  tube  of  52  x  52  mm2 
cross  section  and  6  m  lengths  and  investigated 
shocks  having  Mach  numbers  ranging  from  M  =  12 
(Pj  =  4  Torr)  to  M  =  8  (p^  =  40  Torr) .  The  shock 
tube  was  evacuated  by  a  diffusion  pump.  Gassing 
introduced  an  impurity  level  ranging  from  7  ppm 
(Pj  =  40  Torr)  to  70  ppm  (pt  =  4  Torr).  The  test 
gas  was  Kr  4.0.  The  experimental  results  are  com¬ 
pared  to  model  calculations  in  order  to  deduce 
effective  cross  section  constants  Cj^.  The  reac¬ 
tion  kinetics  was  modelled  by  a  modified  two  step 
ladder-climbing  model  under  the  assumption  of  a 
maxwellian  distribution  function  of  the  electrons. 

The  excitation  cross  sections  were  written  as 
Q  =  Cj^(Erei  -  Ejk)*  Th6  §as  flow  was  calculated 
in  the  heat  bath  approximation  using  a  program  by 
F.  Demmig,  which  takes  into  account  the  instatio- 
narity  of  the  shock  and  boundary  layer. 

INTRODUCTION 

The  ionisation  relaxation  of  shock  heated  rare  gases  has  been 
investigated  many  times.  Usually  the  relaxation  of  the  electron 
density  ne(t)  is  measured  and  one  tries  to  reproduce  the  measure¬ 
ments  by  model  calculations.  It  has  been  shown  by  Harwell  and  Jahn 
(ref.  1)  that  the  ionisation  rate  ne  is  determined  by  the  effec¬ 
tive  excitation  rate  of  the  first  excited  levels,  which  in  krypton 
are  the  four  5s  levels.  Although  there  has  been  a  considerable 
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refinement  in  the  gas  dynamic  and  reaction  kinetics  models 
(ref.  2,3),  there  is  still  a  considerable  scatter  of  the  excita¬ 
tion  cross  sections  derived  from  comparison  of  the  measured  data 
with  the  model  calculations. 

We  believe  that  the  main  reason  for  this  situation  are  impu¬ 
rities  which  influence  the  ionisation  in  the  very  beginning  of 
the  relaxation.  We  have  found  changes  up  to  a  factor  of  two  by 
using  different  krypton  bottles  all  specified  by  the  suppliers 
to  be  Kr  4.7,  i.  e.  to  contain  only  30  ppm  impurities  (ref.  4). 

As  Kr  4.7  is  the  purest  krypton  available  commercially,  one 
should  have  this  in  mind,  when  discussing  cross  sections  evalua¬ 
ted  from  measurements  of  the  ionisation  relaxation  in  krypton. 

In  the  present  work  we  investigate  the  excitation  rates  by 
atom-atom  and  electron-atom  collisions  from  the  5s  levels  into 
higher  levels.  The  effective  rate  of  these  processes  determines 
the  population  density  n:(t)  of  the  5s  levels.  Therefore,  it  is 
necessary  to  measure  nt(t).  We  have  done  this  by  time  resolved 
absorption  measurements  of  the  Kr  I  line  ls5  -*•  2p9  at  X  =  811.3  nm. 
The  ionisation  rates  were  measured  simultaneously  using  a  4  mm 
microwave  interferometer. 

For  the  model  calculations  we  used  the  gasdynamic  model  of 
Demmig  (ref.  3)  and  a  modified  two  step  ladder  climbing  model. 

It  was  not  necessary  to  use  the  multi-step  model  of  ref.  3  as  we 
were  not  interested  in  the  population  of  higher  excited  levels. 

We  did  not  use  the  much  more  complicated  model  of  Meyer-PriiBner 
and  Demmig  (ref.  5)  as  we  have,  up  to  now,  no  experimental  proof 
whether  strong  deviations  from  a  maxwellian  electron  distribution 
function  really  occur. 

SHOCK  TUBE  AND  SHOCK  SPEED  MEASUREMENT 

The  shock  waves  are  generated  in  a  hydrogen  driven  diaphragm 
shock  tube  of  6  meter  length  and  a  quadratic  cross  section  of 
52  x  52  mm2,  which  has  already  been  described  in  ref.  6.  The  tube^ 
made  of  aluminium,  is  evacuated  by  an  oil  diffusion  pump  to  a 
rest  gas  pressure  of  about  10-5  Torr  before  filling  it  with  the 
test  gas.  The  impurity  levels  calculated  from  the  measured  pres¬ 
sure  rise  during  the  first  60  s  after  shutting  off  the  pumps  ran¬ 
ged  from  70  ppm  (Pj  =  4  Torr)  to  7  ppm  (pj  =  40  Torr).  Due  to  a 
fast  handling  system  it  was  always  possible  to  make  the  measure¬ 
ments  during  this  time  interval.  The  test  gas  used  in  the  pre¬ 
sent  investigation  was  Kr  4.0.  The  most  important  specified  impu¬ 
rities  were  Xe  (60  ppm),  N2  (20  ppm)  and  H2O  (5  ppm).  The  loca¬ 
tion  of  the  absorption  measurement  xmi  is  situated  3.217  m  behind 
the  diaphragm  whereas  the  beam  of  the  microwave  interferometer 
crosses  the  tube  at  xm2  =  3-265  m  behind  the  diaphragm. 

The  shock  speed  is  measured  by  a  laser  beam  deflection 
method.  Eight  equidistant  beams  of  He-Ne  lasers  cross  the  shock 
tube  perpendicular  to  the  flow  direction  and  will  only  illuminate 
the  photodiodes  if  the  beams  are  deflected  by  the  shock.  The  am¬ 
plified  signals  of  the  diodes  start  and  stop  a  7-channel  10  MHz- 

counter,  displaying  the  times  At^  between  two  successive  pulses. 
The  maximum  error  in  the  determination  of  the  time  the  shock 
needs  for  running  from  one  laser  beam  to  the  other  is  ±  0.2  %. 

Their  distances  x^  can  be  defined  with  an  error  of  <  0.1  % . 
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DIAGNOSTICS 

The  set-up  for  the  absorption  measurements  is  shown  in  fig.l. 
As  background  light  source  we  used  a  pulsed  capillary  discharge 
developed  by  Kusch  (ref.  7).  The  flat  current  pulse  of  8  kA  and 
about  200  us  duration  was  generated  by  discharging  a  matched 
transmission  line.  The  capillary  CP  was  a  2  mm  diameter  bore  in  a 
lucite  plate  of  8  mm  thickness,  which  was  replaced  after  each 
discharge  in  order  to  get  reproducible  light  pulses.  This  discharge 
emits  end-on  a  reasonably  flat  pulse  (fig.  2)  of  continuous  radia¬ 
tion  with  a  radiation  temperature  of  36000  K  (ref.  7).  In  order  to 
protect  the  condensor  Lx  from  the  intense  plasma  beam  exhausted 
from  the  capillary  a  thin  glass  plate  GP  is  inserted,  which  had  to 
be  replaced  after  each  discharge.  Lx  images  the  capillary  into  the 
centerplane  of  the  shock  tube  ST  with  a  seventeenfold  magnifica¬ 
tion.  This  plane  is  imaged  by  L2  and  L3  onto  the  entrance  slit  MS 
of  the  monochromator  giving  an  image  of  10  mm  diameter.  The  slit- 
width  being  10  pm  only  this  part  of  the  radiation  which  has 
passed  a  plasma  slab  of  about  0.4  mm  by  35  mm  enters  the  monochro¬ 
mator,  i.  e.  the  spatial  resolution  in  the  direction  of  flow  is 
0.4  mm . 


Pig.  1  -  Optical  set-up  (not  to  scale);  fx  =  7  cm;  f2  =  40  cm; 

f3  =  12  cm;  W:  Windows;  F:  Filter  blocking;  X  <  680  nm. 


The  monochromator  was  aim  grating  monochromator  (McPherson 
2051)  with  a  1200  line/mm  grating,  which  was  used  in  first  order. 
The  lens  diameters  were  chosen  so  as  to  illuminate  the  whole  gra¬ 
ting  area  of  102  *  102  mm2  in  order  to  ensure  maximum  resolution. 
The  measured  resolving  power  at  X  =  811.3  nm  using  10  mm  high  and 
10  pm  wide  entrance  and  exit  slits  was  X/AX  =  5.8  •  101*.  It  turned 
out  that  it  was  extremely  difficult  to  set  the  wavelength  scan¬ 
ning  system  with  an  accuracy  corresponding  to  the  resolving  power. 
The  stability  was  so  bad  that  the  adjustment  had  to  be  checked 
immediately  before  and  after  each  run  of  the  shock  tube.  A  small 
mirror  inserted  into  the  monochromator  near  to  the  exit  slit  fo¬ 
cussed  a  broader  band  of  the  continuum  near  to  X  =  811.3  nm  onto 
a  fibre  light  guide.  Thus  the  emission  of  the  background  light 
source  could  be  monitored  (signal  R  in  fig.  2).  Both  the  radiation 
transmitted  at  X  =  811.3  nm  (signal  T  in  fig.  2)  and  the  reference 
continuum  were  recorded  on  an  oscillscope  (Tectronix  5113)  using 
photomultipliers  with  extended  S  20-cathode  (EMI  9659  B).  The 
plasma  emission  I-  as  defined  in  (4)  was  determined  in  a  second 
shock  tube  run  under  the  same  gasdynamic  conditions.  As  the  ampli¬ 
tude  of  the  emission  signal  showed  some  variations  from  run  to  run 
it  was  normalized  to  that  part  of  the  absorption  oscillogram  in 
which  Itr  “  le  <K  le  (i»  e»  there  is  100  X  absorption). 

The  electron  density  was  measured  by  a  schlieren  compensated 
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Mach-Zehnder  microwave  interferometer  working  at  70  GHz,  which 
was  developed  by  G.  Meinhold  (ref.  8).  The  set-up  can  measure 
electron  densities  from  2  •  101 8  m-3  <  ne  <  4  •  1019  m-3. 


Fig.  2  - 
First  run: 

T  3  from  equ.  (2); 

R:  reference  continuum. 

Second  run: 

E  =  I  from  equ.  (4); 

R!  =  reference  continuum. 
t2  :  arrival  of  shock  front 
t3  . . .  t4  :  100  %  absorption 
r0  (t)  =  R(t)  T77/R77 
Tj , :  mean  value  tt  .  .  .  t2 
t  :  30  ys/Div 

<1  *2  *S  *4 

DATA  REDUCTION 

The  radiation  dA  entering  the  monochromator  in  the 

wavelength  interval  dX  is  given  by 

IA,tr(X)  dX  =  ^A,0(X)  e_T(X)  +  U  "  e"x(X))  SA(X)^  dX  1  (1) 

If  the  absorbing  plasma  is  homogeneous  along  the  line  of  sight, 
i.  e.  perpendicular  to  the  flow  velocity,  x(X)  =  k(X)  •  1  is  the 
optical  depth,  S^(A)  the  source  function  and  1^  intensity 

of  the  background  light  source. 


The  intensity  leaving  the  exit  slit  is 

given  by 

Ur  J  Z<X>  U,trl>> 

(2) 

where  Z(A)  is  the  apparatus  profile  with  / 
ing  (1)  and  (2)  one  gets 

Z  (  A )  dA  =  1. 

Combin- 

Ur  ‘  U,0(U>  /  2<i)  e',(>)  *  U 

where 

(3) 

I  =  f  Z ( A )  (l  -  e-T(X))  S . ( A  )  dA 

e  g  a 

(4) 

is  the  radiation  which  would  leave  the  monochromator  if  I^,q  =  0, 
i.  e.  1^,  is  the  plasma  emission  without  background  light  source. 
In  writing  (3)  it  was  assumed  that  I,  Q(X)  is  constant  in  the 
small  region  around  A0  where  Z(A)  i  6! 

If  the  absorption  is  due  to  only  one  line  transition  the 
optical  depth  is  connected  to  the  population  density  nn  of  the 
lower  state  of  this  line  by 
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T  (  A  ) 


k(A)  1  = 


i  n 
mn  n 


P,(X)  1. 


(5) 


where  P^(A)  is  the  line  profile  with  /  P^(A)  dA  =  1. 
Prom  the  measured  PMT  outputs  one  gets 


I 

T 


tr 


-  I 


e  _ 


/  Z(\) 

0 


e-T(X) 


dX 


(6) 


and  has  to  calculate  numerically  rhs  of  (6)  in  order  to  determine 
nn.  This  can  be  done  only  if  Z(A),  P^(A),  1  and  fmn  are  known. 


Z  ( A )  has  been  measured  by  scanning  the  monochromator  over 
the  emission  line  of  a  low  pressure  krypton  discharge  lamp  emit¬ 
ting  a  line  with  a  width  much  smaller  than  the  width  of  Z(A).  The 
profile  was  not  very  constant  or  reproducible,  therefore,  always 
the  Z(A)  determined  for  the  individual  run  was  used. 


The  line  profile  P^(AA)  was  taken  to  be  a 
by  ref.  9: 


AX  =  X 


X0  ’  axdo  r 


H(o,v) 

P  (AX)  =  - 

/ir  AAD0  v  =  AA/AAD0  ;  a  = 


Voigt  profile 

W2kVma 

y/24XD0 


given 


(7) 


The  collision  broadening  is  under  the  conditions  of  this  report  due 
to  van  der  Waals  broadening  only.  The  damping  constant  y  which 
gives  the  full  half  width  of  the  dispersion  profile  has  been  mea¬ 
sured  by  B.-H.  Muller  similar  to  the  method  used  by  Vaughan 
(ref.  10).  For  X  =  811.3  ran  we  got  with  an  error  of  ±  20  % 


y  =  12  m8  (T  / 2  9  5  ) 0  ’ 3  n  10-18  cm3.  (8) 

cl  3. 

According  to  theory  the  line  shift  was  taken  to  be  AAs  =  y/2.75. 

For  the  oscillator  strength  f  =0.5  was  used. 

mn 

Fig.  3  shows  nn(xml,t)  evaluated  for  a  number  of  runs.  The 
runs  are  characterized  by  the  temperature  Tao  and  the  groundstate 
number  density  nao  obtained  from  the  Rankine  Hugor.iot  equations  of 
an  ideal  gas  using  the  shock  front  velocity  measured  at  xmi . 


No. 

T*n/K 

ao 

n  /102  4  m-3 
ao 

No. 

T/K 

ao 

ao 

1136 

13310 

0.755 

1084 

9540 

1.27 

1135 

13100 

0.757 

1087 

8840 

1.62 

1079 

11200 

0.756 

1150 

8070 

3.69 

558 

10450 

0.844 

1091 

8390 

2.00 

565 

10350 

1.09 

1154 

7100 

4.80 

1099 

10900 

0.504 

1093 

7860 

2.49 
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For  the  calculation  of  the  time  dependent  population  densi¬ 
ties  nfl(xnu;t)  and  the  electron  densities  ne(x^2;t)  one  has  to 
model  the  gasdynamic  flow  as  well  as  the  reaction  kinetics.  Gene¬ 
rally  both  processes  interact.  In  the  heat  bath  approximation, 
which  is  used  here,  this  interaction  is  neglected  by  setting 
ne  =  n;  =  0  in  all  gasdynamic  equations.  Most  sensitive  to  this 
negiection  is  the  caloric  equation  of  state 


hp 


=  I  (na 


+  2 


ne> 


kT  + 


n  E.  . 
e  ion 


The  temperature  related  to  hp  is  higher  if  one  sets  ng  =0.  In 
all  our  experiments  ne/na  1  2  •  10-3.  This  gives  for  E^pn  = 

14  eV  and  kT  =  1  eV  a  maximum  error  of  +  1.5  %  in  T.  This  in¬ 
creases  the  excitation  rate  of  the  first  quasilevel  by  about  15  % 
which  is  well  within  the  limits  of  accuracy  of  our  experiment. 

Our  gasdynamic  model  was  developed  by  Demmig  and  has  been 
described  in  ref.  3-  In  the  present  application  we  used  a  program 
which  included  the  boundary  layer  as  given  in  ref.  3,  but  des¬ 
cribed  krypton  as  an  ideal  gas,  i.  e.  all  collision  cross-sections 
were  set  to  zero.  This  calculation  gives  the  path  xp(t)  of  a  fluid 
particle  F  and  na(xp(t))  as  well  as  Ta(xp(t)) . 
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Using  these  data  the  reaction  equations  can  be  integrated 
along  Xp(t)  from  tpo  to  t^m.  tPo  is  the  time  when  F  enters  the 
shock  front.  tPm  is  the  time  when  F  passes  the  point  of  observa¬ 
tion  xm,  i.  e.  xm  =  xp(tpm).  Doing  this  for  a  number  of  fluid 
particles  produces  nn(xml;t)  and  ne(xm2;t).  The  advantage  of  this 
procedure  is  that  it  is  easier  to  use  different  models  of  the 
reaction  kinetics. 

The  reaction  kinetics  is  approximated  by  a  modified  two-step 
ladder  climbing  model.  The  first  quasilevel  QL  1  (Ei  =  10.18  eV) 
is  formed  by  the  four  5s  states.  The  second  quasilevel  QL  2  (E2  = 
11.99  e,r)  by  the  5p  and  ^d  states.  We  assume  that  the  ionisation 
rate  is  equal  to  the  effective  depopulation  rate  of  QL  1,  which 
is  described  by  the  collisional  rates  between  QL  1  and  QL  2.  This 
assumption  is  equivalent  to  the  assumption  that 


dn  oo  dn . 

>>  £  .  The  rate  equations  are  thus  given  by 

j  =  2 


+  \ 

=  "a  <  (Ta>  *  nena  RL  <Te> 

(9) 

Ae 

=  n,  na  R?,  (Ta)  .  n,  ne  R?,  (TJ 

(10) 

The  deexcitation  rates  as  determined  by  detailed  balancing  are 
under  our  conditions  negligible.  In  calculating  the  deexcitation 
rate  2  1  it  was  assumed  n2  is  in  PLTE  with  ng .  For  the  coeffi¬ 

cients  R^k  we  have  chosen  the  form  valid  for  a  Maxwellian  distri¬ 
bution  and  a  cross-section  given  by 


“T*  '  CJk  <Erel  - 
which  gives 


Rjk  -  “jk  Cjk  (8  kW  <Ejk  +  2  kTp)  e-*jk/kTp,  (11) 

where  rn  =  0.5  m,.  if  p  =  a  and  m  =  m  if  p  =  e 
n  kr  p  e 


P 

Jjk  “  —  —  — 

Ere-^=  m  gz/2  =  relative  kinetic  energy 


Ejk  =  excitation  energy;  a®  =  1;  =  0.5;  °^2  =  1; 


The  electron  temperature  Tg  was  calculated  by  integration  of  the 
electron  energy  balance  (12)  along  xp(t): 


3D  3u  3m 

1  ro  (kTe>  *  kTe  tx  =  -r  •  k  <Ta  -  Te>  <'’ea+%i  >  '  "a  E, 

a 


-  n.  =  (Eion  -  E.  ♦  1  kT„>- 


(12) 


The  elastic  electron-ion  collision  frequency  ve^  is  small  compared 
to  vga.  We  used  the  value  given  by  Spitzer  in  ref.  11. 
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The  elastic  electron-atom  collision  frequency  v  a(T  )  was 
approximated  for  6000  K  <  Tg  <  15000  K  by 

vea  =  n&  •  /H  kTe/ime  •  (8.8  10”24  (Tg  -  3000))m2.  (13) 

The  cross  section  Qga  (T  )  used  here  is  related  to  Q1*1  (Te)  given 
by  Devoto  in  ref.  12  by  Q  _  =  1-5  Ql  * 1  . 

©3. 

In  order  to  calculate  nn(X  =  811.3  nm)  from  the  population  nt 
of  the  first  quasilevel  it  is  assumed  that  the  population  ratios 
of  the  four  5s  levels  are  given  by  Boltzmann  relations  with  T  =  Ta. 
This  results  for  7000  K  <  T  <  14000  K  in 

n,  =  nn  1.85  ±  6  % . 


RESULTS  OP  CALCULATION 

By  variation  of  the  four  cross  section  constants  we  tried  to 
find  a  set  which  reproduced  the  measured  values.  The  calculated 
electron  densities  (ne(xm2;t))  were  not  sensitive  to  the  choice 
of  Cf|e.  The  values  of  Ca.e  thus  represent  a  fit  to  our  ne  measure¬ 
ments.  Using  these  values  we  fitted  C^|e  to  the  measured  values 
ni(xmiit)*  The  calculated  values  were  mainly  determined  by  Cft/Cf-2 
and  Cfj/Cf2.  We  found  that  all  measurements  can  be  reproduced  by 
the  calculations  within  0.4  <  nj  (calculated)  /  n,  (measured)  <  1.6 
by  the  set  of  cross-section  constants: 


C01  = 

0.75 

in 

1 

O 

T— 1 

X 

(± 

10 

%) 

m2  /Ws 

Co  1  = 

6.6 

X 

0 

1 

u> 

(± 

30 

%) 

m2  /Ws 

C?2  = 

7.0 

x  lo-2 

(± 

10 

%) 

m2  /Ws 

cf2  = 

1.0 

(  + 

50 

%) 

m2  /Ws 

DISCUSSION  OP  RESULTS 

3  0 

The  most  interesting  results  are  the  ratios  Ciz/Coi  of  the 
cross  section  constants.  We  find 

C?2/cf 1  =  62  •  C? 2 /C? 1  . 

This  implies  that  during  the  relaxation  the  excitation  1  +  2  is 
still  dominated  by  atom  collisions,  when  the  excitation  0  +  1  is 
already  dominated  by  electron  collisions. 

The  value  of  C?i  found  here  is  in  good  agreement  with  the 
cross  section  determined  from  measurements  of  the  first  Townsend 
coefficient  by  Specht  et  al.  in  ref.  13.  For  temperatures 
6000  K  <  Te  <  10000  K  the  rates  calculated  from  this  cross  section 
are  reproduced  by  (11)  setting  cfi  =  5.^  *  10” 3  m3/Ws. 

The  electron  excitation  rate  1+2  resulting  from  our  cross 
section  is  about  a  factor  of  10  smaller  than  the  rate  calculated 
from  the  Born  cross  sections  calculated  by  Hyman  in  ref.  14 .  At 
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present  we  cannot  explain  this  large  difference.  We  believe  that  a 
much  more  refined  model  of  the  reaction  kinetics  is  necessary  to 
answer  this  problem.  We  want  to  emphasize  that  the  present  cross 
sections  are  fitted  to  describe  the  measured  time  dependence 
njCxm^t)  and  ne(xm2jt)  by  the  modified  two  step  model. 

The  results  of  an  improved  model  should  be  compared  with 
more  reliable  experimental  data  of  nj(t)  and  ne(t).  We  are  prepar¬ 
ing  absorption  measurements  using  a  single  line  CW  dye  laser  as 
background  light  source  in  order  to  avoid  the  difficulties  of  the 
monochromator  and  the  emission  correction.  Additionally  the  range 
of  ne  measurements  will  be  extended  to  ne  =  8  •  102 0  m-3  by  using 
a  HCN  laser  interferometer. 
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COLLI S I ONAL  EXCITATION  AND  IONISATION  OF  NO 


BEHIND  SHOCK  WAVES 

H.P.  Richarz,  A.E.  Beylich,  H.  Gronig 
Institut  fiir  Luft-  und  Raumfahrt,  StoBwel 1 enl abor 
RWTH  Aachen,  West  Germany 


Experimental  and  theoretical  studies  of  NO  y  band 
emission  from  shock  front-near  regions  in  NO-Xe- 
mixtures  (NO-concentration  5  %  -  12  %)  are  per¬ 
formed.  The  basis  for  experiments  is  an  UHV-shock 

tube  (9  <  M  <  11;  5,4  <  pi/mb  <  10,2;  i.d.  96  mm), 
s 

To  interprete  the  time  history  of  NO  y  radiation 
a  detailed  theoretical  model  is  set  up,  including 
vibrational,  chemical,  and  radiative  relaxation 
processes.  The  excitation  of  the  NO  A  2  E+  state 
is  described  by  a  modified  collision  theory,  con¬ 
sidering  11  vibrational  levels  of  the  NO  X  2n 
ground  state,  and  8  vibrational  levels  of  the 
electronical  A  zi+  state. 

y  (2260  A)-,  y  (2147  A)-,  y„  (2045  A)-radiation 
i S°cal cu 1 ated  ;  °the  best  fit^8f  computed  time 
history  to  experimental  datn  allows  to  determine 
the  inelastic  cross  sectional  slopes  near  the 
threshold  of  NO-excitation  and  -ionisation  by  Xe 
and  electron  impact,  respectively.  The  following 
cross  sectional  slope  constants  are  obtained: 

SN 0 - e  =  7’°  ‘  10’17  cn,2/eV 

SfJo-Xe  =  1>8  '  10'21  cn,2/eV 

SN 0- Xe  =  2,1  *  10"22  cn,2/eV 


(The  excitation  is  denoted  by  an  asterisk,  the 
ionisation  by  a  plus  sign) 
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Introduction 

In  connection  with  spectroscopic  studies  of  the  relaxation  zone  of 
shock  heated  NO-Xe  mixtures  at  wave  lengths  from  2000  -  2300  A  the 
following  phenomena  are  observed:  Up  to  shock  Mach  numbers  of  5-6 
typical  absorption  records  were  noticed  with  a  sharp  decrease  of 
intensity  due  to  the  density  jump  behind  the  shock  front  and  a 
subsequent  slight  increase  according  to  the  vibrational  re¬ 
laxation1.  Heightening  the  Mach  numbers  the  absorption  jump  still 
occurs,  followed  by  a  faster  intensity  gain  due  to  the  onset  of 
emission  from  the  heated  gas.  The  time  interval  between  shock  arri¬ 
val  and  noticeable  radiation  becomes  shorter  with  increasing  Mach 
numbers.  From  Mach  numbers  about  7-8  the  emission  dominates  and 
no  absorption  signal  is  detectable,  not  even  at  the  shock  front: 
Immediately  behind  the  shock  front  the  radiation  intensity  rises 
to  a  sharp  maximum  and  then  decreases  quickly  to  its  equilibrium 
value  (e.g.  Fig.  1).  Similar  radiation  overshoots  were  previously 
observed  by  other  authors 2  ’ 3  * 4 .  In  some  cases  this  seems  to  be  due 
to  band  emission  of  carbon  radicals  like  C2,  CN,  CH  generated  by 
decomposition  of  impurities  {e.g.  pump  oil,  sealing  material)  in 
the  shock  tube.  In  order  to  avoid  formation  of  carbon  compounds  in 
the  present  experiments,  an  all  metal  sealed  UHV  (Ultra-High-Va¬ 
cuum)  shock  tube  is  used,  where  the  UHV  is  generated  by  an  oilfree 
turbomol ecu  1 ar  pump. 

Additionally  are  performed  experiments  in  pure  Xenon  and  in  mix¬ 
tures  of  Xe  with  02,  N2,  and  N2-02  in  the  same  Mach  number  range. 

In  these  cases  no  comparable  luminosity  close  to  the  shock  front 
is  observed.  This  leads  to  the  conclusion  that  the  strong  U.V. 
emission  of  NO-Xe  mixtures  in  the  front-near  region  is  a  specific 
NO  process  due  to  the  nonequilibrium  excitation  of  upper  electro¬ 
nical  states,  especially  the  NO  A  2Z+  state  (according  to  the  cho¬ 
sen  wave  length  interval). 

Experimental  method 

The  experiments  were  carried  out  in  a  96-mm-i.d.  stainless  steel 
UHV  shock  tube.  High  pressure  section  (1,98  m)  and  low  pressure 
section  (6,28  m)  are  independently  to  be  heated  up  to  temperatures 
of  about  420  °C.  The  lowest  attainable  pressure  is  10"8mb,  the 
combined  leak  and  outgassing  rate  is  generally  less  than  10~6  mb  • 1 . 

s 

The  speed  of  the  incident  shock  waves  is  measured  by  means  of  a 
schlieren  method.  A  laser  beam  is  divided  up  into  four  parallel 
and  equidistant  beams  (Fig.  2)>  which  cross  the  shock  tube  normal 
to  the  axis.  Each  of  them  is  focused  onto  an  adjustable  knife  edge 
in  front  of  a  photo  diode.  The  beam  deflection  within  the  incoming 
shock  wave  is  detected  by  the  photodiodes,  which  trigger  the  coun¬ 
ters  and  the  oscilloscope.  The  uncertainty  in  measured  shock  speed 
is  less  than  1  %. 

f 

The  center  line  of  the  optical  test  section  passes  the  shock  tube 
axis  in  a  distance  of  4,40  m  from  the  diaphragm.  For  applications 
in  the  near  ultraviolet  fused  silica  windows  are  used  to  extend 
the  spectral  range  down  to  about  16^0  A.  Time-resolved  measure¬ 
ments  of  the  spectral  intensity  behind  the  incident  shock  in  the 
wave  length-interval  2000  A  <  X  <  2300  A  are  obtained  by  use  of  a 
0,75  m  Czerny-Turner  grating  monochromator  ( Jarrel 1 -Ash ;  blaze 
wave  length  of  grating:  2400  A),  and  a  photomultiplier  (EMI  9635 
QB  with  bialkali  photocathode),  the  quantum  efficiency  of  which  is 
Independent  of  wave  length  in  the  spectral  range  of  interest. 


Excitation  and  Ionisation  of  NO 


[521| 


A  200  W  deuterium  lamp  (Original  Hanau),  producing  a  continous 
spectrum  in  the  near  U. V.,  serves  as  the  light  source  for  absorp¬ 
tion  experiments.  Its  intensity  maximum  occurs  at  2200  A,  the 
decrease  in  intensity  at  wave  length  between  2000  A  and  2400  A  is 
less  than  8  %.  With  absorption  measurements  the  point  of  maximum 
emittance  is  focused  onto  the  entrance  slit  of  the  monochromator. 
In  the  case  of  emission  measurements  the  radiating  volume  element 
at  the  shock  tube  axis  is  focused  onto  the  entrance  slit. 

High  purity  laboratory  gases  are  used:  Helium  (99,996  %  purity, 
main  impurities:  Ne,  N2 ,  H20 )  as  driver  gas;  N  2  (  99 , 999  % ;  Ne,  Ar , 
H20),  02  (  99 , 995  *;  N2,  Ar,  H20),  Xe  (  99,997  %;  Kr,  N2),  and  NO 
(99,9  %;  N 2 ,  N20,  N02)  as  test  gases.  All  of  them  are  dryed  prior 
to  application  in  the  shock  tube  experiments. 

Theoretical  treatments 

At  temperatures,  at  which  double  ionisation  is  still  negligible, 
shock  heated  NO-Xe  mixtures  essentially  contain  the  following 
species:  Xe,  X£,  NO,  02,  N2,  0,  N,  N0+,  N+,  0+,  N|,  0£,  e,  N02, 
and  N20,  according  to  the  equilibrium  reactions  (1)  -  (11): 


Equilibrium  reactions 

(activation  energies  in  parantheses) 
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Nonequilibrium  reactions 
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At  low  initial  NO-concentrations,  reactions  (6)-(9)  have  a  very 
poor  influence  to  the  gas  composition  (e.g.  a  NO-concentration  of 
12  %  at  a  temperature  of  10000  K  provides  a  number  density  ratio 
nQ+/nx+  of  3  o/oo  ;  in  consequence  of  the  low  02 -di ssoci ati on 
energy  the  formation  of  Ot-ions  is  unimportant,  too).  Already  at 
low  temperatures  the  < oicentrati ons  of  N02  and  N20  are  small  com¬ 
pared  with  that  of  N2  and  02;  so  the  reactions  (10), (11)  may  be 
neglected  in  the  temperature  range  of  interest. 

For  the  treatment  of  nonequilibrium  phenomena  behind  the  shock 
wave  we  assume:  1.  Translation  and  rotation  are  everywhere  in  in¬ 
stantaneous  equilibrium  at  a  local  translation-rotation  tempera¬ 
ture  T.  2.  The  rate  velocity  of  any  chemical  reaction  is  go¬ 
verned  by  the  local  gas  state. 

The  approach  to  equilibrium  in  shock  heated  NO-Xe  mixtures  with 
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particular  respect  to  the  excitation  and  deexcitation  of  the  dif¬ 
ferent  vibrational  levels  of  the  electronical  NO  2l  +  state  is  de¬ 
termined  mainly  by  the  nonequilibrium  processes  listed  above. 

The  vibrational  level  in  the  upper  energy-state  is  denoted  by  v', 
the  lower  one  by  v".  M  symbolizes  atomic  or  molecular  catalysts 
(in  reactions  (14)-(17)  also  an  electron),  e  an  electron.  Disso¬ 
ciation,  excitation,  and  ionisation  are  indicated  by  D,  an  aste¬ 
risk,  and  a  plus  sign,  respectively.  The  rate  constants  of  reac¬ 
tions  (13),  ( 19 ) - ( 26 ) ,  quoted  from  the  literature,  are  listed  in  (5) 
as  is  a  detailed  deduction  of  the  mathematical  expressions  for  re¬ 
actions  (12)— (18).  The  basic  ideas  will  be  summarized  subsequently. 

Reaction  (12)  characterizes  the  vibrational  relaxation  of  NO  mo¬ 
lecules  in  the  NO  X^I  ground  state.  Under  certain  conditions  (har¬ 
monic  oscillator,  initial  nonequilibrium  Boltzmann  distribution, 
assumptions  1.  and  2.  given  above)  the  vibrational  relaxation  can 
be  described  in  terms  of  a  local  "vibrational"  temperature  T  , 
which  is  different  from  the  local  transl ati onal -rotati onal  tempe¬ 
rature  T  6  - 


Reaction  (13)  describes  the  NO  dissociation  with  regard  to  the 
vibration.  Using  the  CVD  (Coupling  of  Vibration  and  Dissociation) 
model  6  with  its  basic  assumption,  that  dissociation  can  occur 
with  equal  probability  from  any  vibrational  level,  the  inherent 
rate  constant,  quoted  in  Table  I,  is  to  multiply  with 


X<VT>  ■  jr; 


1-exp  [-  Nv(0v/Tv  -  0V/T) ]  exp  (Qv/Ty)  -  1 
exp  (Gv/Tv  -  0V/T)  -  1  exp  (0„/T)  -  1 


(27) 


N  is  the  number  of  vibrational  levels  including  the  dissociation 
l£vel,  0  =  hew  /k  is  the  characteristic  vibrational  temperature 

of  a  harmonic  ofcillator.  (NO:  ©v  =  2740  K,  Nv  =  29) 

Reactions  (14),  (15)  and  (16)  are  related  to  the  excitation  and 
the  ionisation  from  the  ground  state,  and  the  ionisation  from  the 
excited  state  (Fig.  3).  We  first  deal  with  the  transitions  from 
a  vibrational  level  v"  of  the  ground  state  to  a  vibrational  level 
v'  of  an  excited  state.  It  is  assumed,  that  the  harmonic  oscil¬ 
lator  approximation  is  valid.  The  minimum  excitation  energy 
e*  =  k  0*  is  supposed  to  be  equal  to  the  energy  difference  of  the 
0,0-transition;  Ae#  =  he  •  w*  =  k  0*  is  the  energy  difference  of 
adjacent  vibrational  levels  ?n  the  Excited  state.  The  rate  of 
transitions  due  to  collisions  that  involve  a  relative  transiti¬ 
onal  energy  e*  +  1  •  Ae*  <  e(l)  <  e*  +  (1+1)  Ae#  can  be  ex¬ 
pressed  in  the  form 


dn*  1 


1111 


-  z(i+i)  .  V 

~1  n 


(28) 


Here  are  1  =  0,1,2...  an  integer  control  variable,  P*„  ,(1,M) 
the  fraction  of  collisional  events,  involving  an  energyv  v 
e(l),  that  results  in  a  transition  v"  +  v’.  The  values  of  P*„  , 
are  in  general  different  for  different  catalytic  particles.  v 
Z  is  the  bimolecular  collision  rate,  [Z(l )-Z(l+l)  ] /Z  the  frac¬ 
tion  of  collisions  involving  an  energy  e(l),  n  the  number  den¬ 
sity  of  the  considered  molecules  in  the  ground  state,  and  n  ,,/n 
the  fraction  of  molecules  in  the  vibrational  level  v”. 
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At  collisional  energies  e(l)  only  a  limited  number  of  vibrational 
levels  in  the  excited  state  are  within  reach.  The  quantum  number 
of  the  uppermost  level  shall  be  denoted  by  x*  (Fig.  4).  We  set 


P*..v.  (1  ,M)  =  P*„(1.M)  •  qJSJTn)  (29) 

Py»n»M)  is  the  fraction  of  collisions  with  an  energy  e(l),  that 
results  in  a  transition  from  the  vibrational  level  v"  of  the 
ground  state  to  any  attainable  level  in  the  excited  state  (v1  ^ x*), 
qnorm(i)  $  a  m0(j -j f -j e(j  Fr an c k -C ond 0 n  factor  and  gives  the  proba- 
bYlYty  of  a  transition  from  the  given  v"  to  a  certain  v’  for  the 
specified  electronic  transition.  It  obeys  the  relations 
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with  x#  =  Int  ( l+v"Ae/Ae*) .  The  further  process  is  based  on  the 
assumption,  that  the  probability  of  an  electronic  transition  is 
independent  of  the  momentary  vibrational  state  of  the  molecule. 
This  assumption  is  made  in  consequence  of  the  Born-Oppenheimer 
approximation,  that  postulates  complete  separation  of  nuclear  and 
electronic  motions.  Thus  we  get 

P*»v.d.M)  =  P*(1,M)  qJ2J?(l)  ,  (31) 


d  n* 

(— P*(1,M)  q^™ 


n(i)  z  ZPI-^.1+1). 


V 

n 


(32) 


The  excitation  or  ionisation  of  an  atom  of  species  Y  by  electron 
impact  or  heavy  particle  collision  may  be  described  by  the  ex¬ 
pression 


dnf  ny  n„ 

SI  -  J 


f  a£(v)  v  f(v)  dv 
V(E?)  " 


(33) 


Excitation  or  ionisation  from  the  ground  state  is  denoted  by  an 
asterisk,  wTiTl e  M  indicates  the  colliding  particle.  &  ,  the 
symmetry  factor,  is  1  for  M  f  Y  and  2  for  MeY.  The  Maxwell  dis¬ 
tribution  function  f(v)  dv  is  related  to  the  relative  velocity  v 
and  the  reduced  mass  y  of  the  colliding  pair;  the  dependence  of 
the  excitation  (or  ionisation)  cross  section  o5(v)  on  the  relative 
velocities  is  known  as  the  excitation  (or  ionisation)  function  for 
a  number  of  atoms  and  molecules.  Near  the  threshold  the  cross 
section  frequently  depends  linearly  on  the  energy  of  relative 
motion ; 


ojj(v)  =  S*(e-e*)  ;  S*  =  konst  (34) 

with  e  =  l/2yv2.  Substituting  this  quantity  into  (33)  we  find  a 
relation,  that  describes  the  excitation  (or  ionisation)  of  a  two 
level  system  by  collisions  with  particles  of  thermal  energies 
(i.e.  energies,  that  slightly  exceed  the  threshold  potential). 

A  similar  relation  may  be  deduced  from  (32):  At  moderate  tempera¬ 
tures,  if  Ae#/e*-*0,  and  Ac/e*+0,  equation  (32)  describes 
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approximately  a  two  level  system,  too,  with  degenerate  energy 
levels.  Summing  over  v',  v",  and  1  leads  to 


dn* 
<Tt~  = 


2  P*(  1  ,M)  Z  Z(-1-)~Z(  U1) 

1=0  L 


(35) 


If  the  summation  is  replaced  by  an  integral  we  find  by  comparison: 


P*(1,M)  =  P*( M)  1 


with 


P*(H)  = 


S*  kO* 
KUv 

CTo  ,M 


where  o  denotes  the  gaskinetic  cross  section.  Taking  into 
account0’  the  finite  energy  differences  between  adjacent  vibra¬ 
tional  states  a  more  extensive  computation  shows  that 


S*  k  0* 

P*(1,M)  =  P*{ M)  (l+a*l)  with  P*(M)  =  J* - -4  (36) 

°o,M  a 

and  a*  =  a*(Q*/T,  0*/T)  ^2  at  temperatures  T  >  0*. 

Finally  the  transition  rate  for  collisional  induced  electronic 
transitions  to  a  certain  vibrational  state  v'  is  described  by 


=  P*(M)  Z 


I  (i+«*i)  IVLlrU -l+i)  z 

1=0  L  v" 


norm 
H  v  •  v » 


(i) 


%  “ 


(37) 


and  is  valid  for  excitation  as  well  as  for  ionisation,  and  for 
transitions  between  excited  states,  too,  if  these  states  are 
energetically  wide  spaced.  The  Franck-Condon  factors  of  the  tran¬ 
sitions  considered  here  are  taken  from(7)(N0  Xzn,v"sssN0  A  2E+,v') 
and  from(8)(N0  X  2n,  v"  ^  N0+  X  1Z+,v').  As  a  result  of  the  nearly 
identical  potential  shapes  of  NO  A  2 state,  and  N0+  X  1  E  state, 
resp.,  these  factors  are  almost  equal  at  corresponding  transi¬ 
tions.  Thus,  ionisation  from  the  excited  state  is  caused  with 
noticeable  probability  only  by  transitions  with  equal  values  of 
vibrational  quantum  numbers.  Simultaneous  determination  of  all 
probabilities  (P#(M),  P+(M),  P#+(M)),  defined  by  the  above  the¬ 
ory,  is  not  possible  by  the  results  of  the  experiments  performed. 
We  proceed  with  the  following  simplifying  assumptions:  1.  Each 
atomic  and  molecular  species  in  the  gas  mixture  possesses  the 
same  effectiveness  in  excitation  (or  ionisation)  of  NO.  The  re¬ 
sulting  error  is  small  at  low  NO  concentrations.  2.  The  ratio  of 
the  probabilities  of  excitation  by  electrons  and  by  heavy  partic¬ 
les  is  equal  to  that  of  ionisation:  P£/Pj(J  =  Pe^PM  =  Pe+^PM+  =  W’ 

If  these  assumptions  are  valid,  the  rate  constants  of  reactions 
( 1 4 ) - ( 1 6 J  are  dependent  only  on  3  unknown  parameters,  W, 

G  =  Pf/Pg  and  P*+  which  may  be  obtained  by  the  aid  of  experi¬ 
ments;  Pg  is  found  from  eq.  (36)  with  the  cross  section  and 
slope  constant  S+  given  by  Tate  &  Smith9. 

Reaction  (17)  corresponds  to  the  vibrational  relaxation  of  the 
excited  NO  molecules.  Since  we  ask  for  the  density  numbers  of  the 
Individual  vibrational  states,  we  have  to  set  up  the  master  equa¬ 
tions  for  each  level.  P  ,  the  probability  of  the  collision  in¬ 
duced  vibrational  1-0  transition  in  the  NO  A  2Z +  state  is  a 
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function  of  T  and  calculated  from  the  measurements  of  Roth  10. 


Reaction  (18)  describes  the  number  density  change  of  NO  molecules 
in  the  ground  state  and  in  the  excited  state  due  to  radiative 
transitions.  If  the  gas  is  optically  thin,  as  in  the  present  case, 
only  the  backward  reaction  of  (18)  is  important.  The  decrease  of 
population  density  of  a  vibrational  level  v'  in  an  excited  elec¬ 
tronic  state  B  by  spontaneous  radiative  transitions  to  a  vibra¬ 
tional  level  v"  in  the  ground  state  A  may  be  calculated  from 


l(Av",  Bv'  ) 


dn 


Bv 


,/dt  =  -  A, 


(38) 


(Av",  Bv’ )  "Bv1 

the  Einstein  coefficient  for  spontaneous  emission,  is 
related  to  the  absorption  oscillator  strength  fa»  by 

gA 


( Av" ,  Bv1  ) 


8  TT2e2  V A v ",  Bv  1  f 


*B 


c 

e 


AB 


BA 


'v  '  v ' 


(39) 


9  ,  g  are  the  statistical  weights,  v  is  an  average  frequency 
for  tne  electronic  transition.  The  values  for  f  and  v  were 
taken  from  Huber  &  Herzberg  11  and  Bethke  12,  respectively. 

If  the  condition  prevails,  that  the  electron  temperature  T  joins 
the  transl ati onal -rotati onal  temperature  T,  the  rate  constants 
of  reactions  (12)-(26)  are  functions  of  n.,  T,  T  ,  p,  and  t. 
Supplemented  by  the  conservation  of  charges  and  particles  the 
mathematical  treatment  leads  to  a  system  of  linear  differential 
equations,  that  may  be  integrated  in  conjunction  with  the  appro¬ 
priate  temperature  and  density  variations,  given  by  the  shock 
conservation  equations. 

Since  the  number  densities  of  the  individual  vibrational  levels 
of  the  excited  NO  A  2I  +  state  are  now  known  as  functions  of  time 
(subject  to  the  parameters  mentioned  above),  it  is  possible  to 
calculate  the  time  history  of  y  band  radiation. 

The  detectable  radiation  intensity  of  an  emitting  self-absorbing 
gas  is  given  by 

e  -as 

Iv=5r(i-e  )  (4°) 

v 

s  is  the  optical  path  length,  e  and  a  are  the  emission  and 
absorption  coefficients.  The  matnemati cai  expressions 

S  =  f(fBA*  VAB  ’  v’  V'v'  ’  nBv‘  *  T)  and  «v  =  f(fBA’v’Vv"VT> 
are  derived  with  reference  to  Kivel  et  al.7  and  Keck  et  al.13  . 

Results  and  discussion 

To  gain  the  optimum  matching  of  computed  radiation  time  histories 
to  the  experimental  data,  the  parameters  W,  G  =  P*/P  +  ,  and  P*+ 
are  systematically  varied  (Fig.  5).  From  this  we  obtain  the 
following  cross  sectional  slope  constants : 


SN0-e 

=  7,0 

10"17 

cm2/eV 

+ 

18 

SN0-Xe 

=  1,8 

10"21 

cm2/eV 

+ 

24 

SN0-Xe 

=  2,1 

CM 

CM 

1 

o 

rH 

cm2/eV 

+ 

24 
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The  variation  of  P*+  by  orders  of  magnitude  has  no  effect  on  the 
computed  time  histories. 

The  comparison  of  relative  maximum  intensities  of  measured  and 
calculated  time  histories  within  the  indicated  wave  length  inter¬ 
val  show  a  good  agreement  between  experiments  and  theory. 

The  initial  time  history  of  y  band  radiation  is  mainly  ascribed 
to  the  excitation  of  the  electronical  NO  A  2I  +  state  due  to  col¬ 
lisions  of  NO  molecules  in  the  NO  X  2n  ground  state  with  neutral 
bath-gas  particles.  The  subsequent  radiation  course  is  based  on 
the  increasing  number  density  of  atomic  nitrogen  and  oxygen  due 
to  the  dissociation  process 

NO  +  M  -*■  N  +  O  +  M  ,  (13) 

followed  by  a  short-time  rise  in  production  of  free  electrons  by 
the  associative  ionisation 

N  +  0  -*■  N0+  +  e  .  (19) 

The  large  excitation  and  ionisation  cross  sections  for  electron 
impact  cause  the  considerable  rise  of  radiation  intensity.  The 
final  decrease  in  y  band  emission  depends  on  the  proceeding  de¬ 
cay  of  excitable  NO  molecules  in  the  ground  state  due  to  reac¬ 
tion  (13). 

The  time  lag  between  shock  arrival  and  occurence  of  the  intensity 
maximum  is  severely  affected  by  changes  in  the  rate  constant 
values  of  reaction  (19).  Best  fit  to  the  experimental  data  was 
obtained  by  use  of  the  quantity  reported  by  Lin  and  Teare1". 
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Table  I.  forward  rate  constants 


Reaction  No. 

Catalyst  H 

Rate 

constant  expression  cm3/s 

(U) 

°2-  » 

6.62 

to-' 

,-1/2 

e«p( >75400/T ) 

NO.  N.  0 

1.33 

10'2 

,-1/2 

exp( • 76400/ T  ) 

{19) 

- 

6.0 

10'11 

,-t/2 

e*P( -32500/T  ) 

(20) 

- 

7.56 

10'1 

,-5/2 

e*p( -64600/1) 

(21) 

6.16 

10-‘S 

T 

e*p(-20850/t; 

(22) 

* 

1.16 

to-"> 

e*p( -38000/ T  ) 

(23) 

NO.  N.  xe 

5.98 

to-‘ 

exp(  *59400/ T ) 

"2 

1.20 

10‘5 

e*p( - 59400/ T  ) 

°2 

5.31 

10'5 

exp( - 59400/T  ) 

0 

1.49 

10*4 

T-‘ 

exp( -59400/ T  ) 

(24) 

NO.  02.  0.  Xe 

3.19 

10*7 

,-1/2 

exp(  -1  1 3200/T  ) 

"2 

7.97 

iO’7 

T-1/2 

exp(  - 1 1 J200/T  ) 

N 

6.61 

10'2 

,-1/2 

exp{ -l  13200/T ) 

(25) 

Xt  (NO.  0.  N.  02.  N2) 

1-0 

10->6 

,1/2 

exp( -96440/ T ) 

(26) 

e 

26 

10-'“ 

,1/2 

exp( - 1 40740/  T  ) 

Forward  rate 

constant  and  reverse  rate  constant  k 

r 

related 

to  each  other  by  the 

principle  of 

detailed  balancing:  kr,*f/Kc(T).  where 

V»> 

is  the 

equl  1 1b 

rigm  constant. 
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THE  INVESTIGATION  OF  IONIZATION  PHENOMENA 
IN  A  800  MM  SHOCK-TUBE 

Zhu  Nai-yi  and  Li  Xue-fen 
Institute  of  Mechanics 

Chinese  Academy  of  Sciences,  Beijing,  P.R.C. 


The  electron  density  behind  normal  shock 
waves  has  been  measured  systematically  in  a  800 
mm  dia.  shock-tube,  over  the  range  of  P1=  1X1  O’2 
—  1  mmHg,  M  =  10—20,  by  the  use  of  the  near- 
free-molecular  Langmuir  probes,  the  ordinary 
microwave  transmission,  and  the  special  highly 
sensitive  microwave  transmission  and  microwave 
reflection  methods,  made  by  the  authors.  It  is 
found  that  the  experimental  results  agree  basi¬ 
cally  with  the  theoretical  equilibrium  predic¬ 
tions.  The  variation  of  ionization  relaxation 
time  with  M  is  obtained,  and  it  is  in  good 
agreement  with  the  theoretical  predictions  over 
the  whole  range  of  our  experiment.  Moreover,  the 
typical  structure  of  ionization  shock  wave  is 
given. 


INTRODUCTION 

The  phenomena  of  ionization  in  high  temperature  air  have 
been  investigated  systematically  by  many  authors  (Ref. 1,2),  and 
the  tables  (Ref. 3, 4;  of  its  thermodynamical  properties  including 
the  effects  of  ionization  are  being  used  broadly  in  engineering. 

However,  it  is  still  a  difficult  task  to  exactly  measure 
the  electron  density  in  air  at  high  temperature  under  various 
conditions.  It  is  well  known  that  there  exist  the  very  complic¬ 
ated  ionization  and  many  other  chemical  reactions  in  high  tem¬ 
perature  air,  and  we  still  do  not  have  a  thorough  understanding 
about  the  mechanism  of  ionization.  The  information  about  ioniza¬ 
tion  of  air  below  three  or  four  thousand  degrees  Kelvin  in  the 
tables  of  thermodynamical  properties  being  used  at  present  is 
not  quite  complete,  but  the  ionization  of  air  in  this  range  of 
temperature  is  of  great  concern  in  practical  engineering  prob¬ 
lems.  Thus,  there  is  the  necessity  to  investigate  these  pheno¬ 
mena  further. 
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THE  EQUIPMENT  AND  THE  APPARATUS 

The  equipment  used  is  a  shock-tube  which  is  20M  long  and 
800mm  in  diameter.  The  structure  and  operating  characteristics 
of  it  was  given  briefly  in  ref.  5.  In  order  to  measure  the  elec¬ 
tron  density  in  air  at  high  temperature,  the  following  apparatus 
was  used: 


The  Near-Free-Molecular  Langmuir  Probe 


The  structure  and  the  operating  principle  of  this  type  of 
Langmuir  probe  is  described  in  ref.  6  .  Its  exposed  part  is 
about  2mm  long,  0.06mm  in  diameter,  so  the  capability  of  its 
time  and  spatial-resolution  is  fairly  good,  and  it  is  used  in 
our  shock-tube  to  measure  the  ionized  shock  structure  and  the 
relaxation  time  of  ionization  processes. 


The  Ordinary  3cm  And  8mm  Microwave  Transmissions 


These  two  types  of  transmission  measurement  give  reliable 
values  of  electron  density  in  high  temperature  air  behind  the 
shock  wave  (Ref. 7, 8).  Its  shortcoming  is  that  the  spatial-reso¬ 
lution  is  not  very  high,  thus  the  results  obtained  can  only  be 
regarded  as  some  mean  value.  Moreover,  the  measuring  range  of 
these  types  of  transmission  is  very  narrow. 


High  Sensitivity  Microwave  Transmission  And  Reflection 


The  structure  and  working  principle  of  this  type  of  tran¬ 
smission  and  reflection  measuring  equipment  developed  by  the 
authors,  whose  operating  wavelengths  are  3cm  and  8mm.  was  desc¬ 
ribed  in  ref  9.  The  utilization  of  a  crystal  oscillator  as  a 
microwave  source  makes  the  whole  apparatus  very  convenient  and 
compact,  and  the  utilization  of  mixing  type  receiver  greatly 
increases  the  anti-interference  ability  and  the  sensitivity  of 
measurement j  their  sensitivity  is  one  or  two  orders  higher  than 
that  of  the  ordinary  apparatus. 


RESULTS 

The  variation  of  the  ionization  relaxation  time  measured 
by  the  use  of  Langmuir  probe  in  the  air  behind  normal  shock 
waves  as  a  function  of  Mach  number  M  is  given  in  Fig  1 .  The 
curves  on  it  corresponds  to  the  dissociation  neutralization 
reaction 


N0+  +  e“^=  N  +  0  +  2.76  eV  (l) 

two  values  of  rate  constant  are  used  respectly,  for  curve  I 

K„  *  3X1 0“3  T"7//2cm3  /  sec  (2) 

K  «  9X10”3  T“J/*cm3  /  sec  (3) 

0 


for  ourve  fl 
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According  to  their  results  of  measurement  in  the  reference  10, 
A.Frohn  et  al«  suggested  that  the  commonly  used  rate  constant 
in  eq.  (2)  must  be  increased  by  a  factor  of  three,  which  is 
shown  by  eq.  (3)  and  by  the  dotted  line  in  Fig.i. 

However,  according  to  the  results  obtained  by  the  present 
authors  it  is  not  necessary  to  make  such  a  change.  In  our  own 
opinion  the  rate  constant  given  in  eq.  (2)  is  still  the  best 
approximation  at  present. 

The  variation  of  the  peak  values  of  electron  density  behind 
normal  shock  waves  with  Mach  number,  corresponding  to  P^IXICj 

mmHg,  1xiO"1mmHg,  3x10"1mmHg,  1  mmHg,  is  given  in  Fig. 2.  to  5. 
These  results  are  obtained  using  the  apparatus  listed  in  section 
2  respectly,  and  are  basically  in  good  agreement.  This  proves 
that  the  data  obtained  are  reliable.  Also  shown  in  these  figures 
are  the  theoretical  results  in  the  often  used  tables  of  thermo¬ 
dynamic  properties  (Ref. 3, 4).  From  these  figures  we  can  see  that 
the  measurements  are  basically  in  accord  with  the  theoretical 
values. 

The  typical  structure  of  an  ionized  shock  wave  is  given  in 
Fig. 6. 
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Fig  1 .  Ionization  relaxation  times  behind  normal  shock  waves 
in  air. 
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Fig  2.  Peak  electron  density  behind  normal  shock  waves  in 
air.  P^  =  1 X 1 0^mniHg . 

♦  Near-free-molecular  Langmuir  probe; 

o  3  cm  ordinary  microwave  transmission; 

♦  8  mm  ordinary  microwave  transmission; 

♦  3  cm  microwave  interferometer; 

A  3  cm  high-sensitive  microwave  transmission; 

■  8  mm  high-sensitive  microwave  reflection; 

-  N.  B.  S.  4  ; 

-  A.  H.  CCCP.  3  . 
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Fig  4.  Peak  electron  density 
behind  normal  shock  waves  in 
air. 
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— ^  The  shock  heated  molecular  beam  technique  was  used  to 
obtain  vibrationally  excited  oxygen,  nitrogen  and  carbon  mon¬ 
oxide  molecules.  The  vibrational  distribution  of  these  dia¬ 
tomic  molecules,  in  argon  gas  as  the  "carrier"  gas  of  a  shock 
heated  molecular  beam,  has  been  calculated  by  considering  atomic 
recombination  and  collisional  excitation-de-excitation  during 
the  expansion.  The  vibrationally  excited  molecules,  which  cor¬ 
respond  to  vibrational  temperatures  Tv,  in  the  range  1800  K  to 
7000  R,  are  used  to  examine  the  role  played  by  vibrational  excita¬ 
tion  in  both  direct  and  dissociative  electron  impact  ionization 
cross  sections,  over  a  range  of  electron  energies  from  50-500 

eVV^ 

1.  Introduction 

The  direct  and  dissociative  ionization  cross-section  of  vibrationally  ex¬ 
cited  molecules  by  electron  impact  is  not  well  understood  at  present.  Further 
understanding  of  the  role  of  vibrational  excitation  on  the  ionization  of  mole¬ 
cules  has  increased  in  importance  as  a  result  of  recent  developments  in  gaseous 
lasers,  plasma  enhanced  chemical  vapour  deposition  for  the  production  of  solar 
cells,  impurity  problems  in  nuclear  fusion  research,  flame  chemistry  and  the 
chemistry  of  planetary  atmospheres.  There  are  few  previously  reported  values 
of  such  processes  leading  to  ionization.  Spence  and  Dolder1  suggested  that 
the  cross  section  for  dissociatvie  ionization  increases  in  value  up  to  50%  at 
an  electron  energy  of  200  eV  and  vibrational  temperature  of  3100  K  using  a 
shock  heated  molecular  beam  (SHMB)  with  mass  spectrometer.  Crane  and  Stalker? 
estimated  that  the  effect  of  vibrational  excitation  on  total  ionization  is  only 
less  than  30%  in  Nitrogen  at  an  electron  energy  above  200  eV  and  vibrational 
temperatures  <  3100  K  using  the  SHMB  with  ion  sampling  by  a  mass  spectrometer. 
Micheja  and  Burrow3,  using  a  crossed  beam  technique,  indicated  that  the  effect 
of  vibrational  excitation  on  dissociative  ionization  is  as  much  as  100%  near 
the  threshold  for  the  first  three  vibrational  levels  of  Nitrogen.  Theoretical 
studies,  employing  statistical  methods,  to  predict  the  roles  of  vibrational 
excitation  in  dissociative  ionizatiog,  have  been  conducted  by  Dronin  and  Gorok¬ 
hov^,  Venugopalan^  and  Jackson  et  al  .  However,  these  theories  only  apply  to 
larger  molecules  or  are  limited  in  threshold  electron  energy.  For  larger  elec¬ 
tron  energies  the  calculation  has  been  done  only  for  Hydrogen?.  More  recently, 
Evans  et  al®  predicted  that  the  effect  of  vibrational  excitation  in  dissocia¬ 
tive  ionization  is  only  less  than  29%,  even  for  vibrational  temperatures  as 
high  as  104  K  for  oxygen,  using  a  modified  reflection  method  for  larger  elec¬ 
tron  energies . 
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In  this  paper,  direct  and  dissociative  ionization  cross-sections  of  vibra- 
tionally  excited  molecules  by  electron  impact  are  measured  at  elevated  vibra¬ 
tional  temperatures  for  diatomic  molecules.  The  vib rationally  excited  mole¬ 
cules  were  produced  by  a  shock-heated  molecular  beam  technique  and  the  vibra¬ 
tional  relaxation  in  the  system  was  predicted  numerically. 

2.  Vibrational  Relaxation  in  a  Shock  Heated  Molecular  Beam 


2.1  Method  of  calculation  and  the  procedure  employed 

As  the  molecular  plasma  is  expanded  through  a  nozzle,  the  translational, 
rotational  and  vibrational  energy  modes  come  into  equilibrium  at  different 
rates.  The  translational  and  vibrational  relaxation  times  are  typically  in  the 
order  of  a  few  collisions;  the  vibrational  relaxation  time  is  much  longer.  In 
the  present  work,  the  vibrational  distribution  function  of  the  molecular  beam 
is  computed  as  a  function  of  time,  assuming  translational  and  rotational 
equilibrium,  and  using  a  method  similar  to  that  developed  in  Yau^.  In  particu¬ 
lar,  the  molecule  is  assumed  to  consist  of  N  vibrational  levels,  and  the  vibra¬ 
tional  relaxation  of  the  molecular  beam  is  characterised  by  the  reactions 

X2(v)  +  M  +  X2(v')  +  M  | V-v ’ |  =  1 

X2(v)  +  M  +  2X  +  M  v  =  n 

where  X2(v)  is  the  diatomic  molecule  in  the  vth  vibrational  level  and  M  is 
the  major  constituent  of  the  gas.  n  is  used  here  to  indicate  the  continuum 
levels. 


The  first  reaction  considers  collisional  excitation  and  de-excitation 
while  the  second  reaction  considers  dissociation  and  recombination.  The  dia¬ 
tomic  molecule  X2  is  assumed  to  be  at  sufficiently  small  concentrations  so 
that  X2  -  X2  collisions  can  be  ignored.  Excitation  and  de-excitation  is  also 
assumed  to  occur  from  only  vibrational  levels  that  are  adjacent  and  all  are  in 
the  ground  electronic  state. 


The  time  dependent  population  of  the  vth  level  n^t) ,  is  given  by  the 
master  equation 


dn  (t)  n-1  n  , 

— jr —  =  [M]{  l  g  ,  n  ,(t)  -  y  g  ,n  (t)  +  g  n  (t)},v  <  n  -  1 
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where  g  ,  is  the  transition  probability  from  v  to  v'.  As  a  consequence  of  de¬ 
tailed  balancings 
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where  n^  is  the  equilibrium  population  of  the  i,th state.  Also,  for  a  given 
diatomic  molecule  X2  and  inert  gas  M,  gvv'  is  a  function  of  the  temperature 
of  the  inert  gas. 


The  solution  to  the  master  equation  is  drastically  simplified  by  lineariz¬ 
ing  the  n?(t)  term.  By  defining 

n  -  2  ~2  ~  2 

a  “  1/2  n  +  A  and  A  ■  n  (t)  -  n  ,  we  obtain  n  “  n  +2n  A+A  ,so>  that  near 
n  n  n  n  n  n  n 

2 

equilibrium,  A  :  0,  and  nn  :  2nn  04,  in  the  above  equation.  The  details  of  the 
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linearization  procedure  and  method  of  numerical  solution  can  be  found  in  Yau  . 

In  order  to  integrate  the  above  differential  equations  the  change  of  the 
gas  density  with  distance  in  the  present  SHMB  apparatus  was  plotted  as  a  func¬ 
tion  of  time  steps,  which  were  chosen  so  that  the  development  in  time  of  the 
density  decay  was  well  approximated.  The  size  of  the  time  steps  was  variable. 
The  initial  values  at  the  beginning  of  the  program  (i.e.  in  the  shock  reflected 
region)  were  calculated  from  the  JPL  program  of  Horton  and  Menard^-  .  The  tem¬ 
peratures,  and  argon  gas  density  decay  in  the  molecular  beam  from  nozzle  to 
freeze  out  point  (or  free  molecule  point)  were  obtained  from  the  numerical  re¬ 
sults  of  Evans  et  al^,in  which  it  is  assumed  that  the  small  admixture  of 
molecular  gases  in  Argon  does  not  affect  the  neutral  beam  flow  properties. 

2.2.  Numerical  Results 

Numerical  vibrational  population  distributions  for  1%  nitrogen  gas  seeded 
in  the  Argon  carrier  gas  are  shown  in  Fig.  1,  for  various  locations  x  along 
the  axis  and  downstream  of  the  expansion  nozzle  at  T5  =  6000K, where  T5  is  the 
temperature  in  the  shock  refected  region.  Fig.  1  shows  that  the  vibrational 
population  distribution  becomes  non-Boltzmann  almost  immediately  after  the 
expansion  nozzle.  Numerical  vibrational  population  distributions  at  the  free 
molecular  point  for  1%  nitrogen  molecules  seeded  in  the  Argon  carrier  gas  are 
shown  in  Fig.  2  for  various  shock  reflected  region  temperatures.  Fig.  2  shows 
that  none  of  the  vibrational  distributions  at  the  free  molecular  point  are 
Boltzmann  like  above  T5  -  3000K.  The  larger  concentrations  and  the  depletion 
of  vibrationally  excited  molecules  (v>5) (relative  to  their  equilibrium  values) 
are  observed  also  in  Fig.  2  for  T5  larger  than  and  smaller  than  about  6500K 
respectively.  The  survival  of  molecular  nitrogen  at  the  free  molecular  point 
with  shock  reflected  temperature  are  shown  in  Fig.  3  for  various  nitrogen  par¬ 
tial  pressures  (expressed  as  %) .  It  was  found  that  the  vibrational  population 
distribution  at  the  free  molecular  point  does  not  vary  significantly  over  the 
present  range  of  nitrogen  partial  pressures.  Similar  calculations  have  also 
been  carried  out  for  oxygen  or  carbon-monoxide  mixed  with  Argon  gas.  A  typical 
Oxygen  result  is  shown  in  Fig.  4  for  various  shock  reflected  region  tempera¬ 
tures.  Similar  conclusions  to  those  found  in  the  case  of  nitrogen  are  found 


v 


Fig.  1:  Numerical  vibrational  popula-  Fig.  2:  Numerical  vibrational 

tion  distributions  of  nitrogen  for  population  distributions  of  nitro- 

various  location  x  at  T,“6000  K  gen  at  free  molecular  points  for  various 

T5 
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in  the  case  of  0--  Oxygen  is  found  to  recover  its  Boltzman  distribution  for  T5 

<  6,200  K.  ^ 

Typical  vibrational  temperature  relaxation  in  the  shock  heated  beam  with 
nitrogen  as  an  additive  is  shown  in  Fig.  5,  for  a  range  of  T5,  where  the  gas 
temperature  relaxation  is  also  compared.  In  these  cases  the  vibrational  tem¬ 
peratures  are  determined  from  the  slopes  of  the  population  distribution  at  small 
vibrational  levels  (v<5) (since  the  populations  of  vibrational  levels  above 
about  5  are  orders  of  magnitude  smaller  than  v  <  5).  Fig.  5  shows  that  a  highly 
vibrationally  excited  molecular  beam  can  be  developed  in  the  present  apparatus. 
The  resulting  vibrational  temperature  at  a  free  molecular  point  is  shown  in  Fig. 
6  for  02,  N2  and  CO  additives.  Fig.  6  also  shows  that  the  vibrational  tempera¬ 
ture  at  a  free  molecular  point  increases  nonlinearly  with  the  shock  reflected 
region  temperature. 

3.  Electron  Impact  Ionization  Cross  Section  Measurements  of  a  Molecule  in  a 
High  Vibrational  State 

3.1  Experimental  Apparatus  and  Procedure 

A  schematic  diagram  of  the  shock  heated  molecular  beam  apparatus  is  shown 
in  Fig  7.  It  is  seen  to  consist  of  a  shock  tube  section,  a  beam  formation 
region,  ionization  and  detection  sections. 

The  shock  tube  consists  of  a  7.1  m  long,  polished  steel  tube  of  10  cm  in¬ 
ternal  diameter.  The  low  pressure  section  is  4.1  m  long  and  the  driver  section 
is  3.0  m  long.  By  varying  the  shock  tube  diaphragm  pressure  ratio,  diaphragm 
thickness  or  the  driver  and  test  gases,  Mach  numbers  between  3  and  13  were 
achieved.  The  shock  wave  velocity  was  measured  by  up  to  four  plantinum  thin 
film  gauges  and  a  piezoelectric  pressure  transducer. 

The  beam  formation  section  consists  of  three  vacuum  chambers;  the  first 
separating  the  nozzle  and  skimmer,  the  second  between  the  end  of  the  skimmer 
and  the  collimator  and  the  third  section  past  the  collimator  and  containing 
the  molecular  beam  diagnostics  section.  The  expansion  vessels  were  made  of 


Fig.  3:  Survival  of  molecular  nitro-  Fig.  4:  Numerical  vibrational  popula- 
gen  at  the  free  molecular  point  with  tion  distributions  of  oxygen  at  free 
T5  for  various  nitrogen  partial  pres-  molecular  point  for  various  T^. 
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tion  of  nitrogen  along  the  location  x. 


Fig.  6:  Vibrational  temperature  at  a 
free  molecular  point  vs  T5  for  (>2»  N2 
and  CO  additives . 


2  cm  thick,  60  cm  internal  diameter  glass  cylinders.  (Q.V.F.).  The  first  section, 
containing  tne  skimmer  and  collimator  was  80  cm  long  while  the  second  section 
was  60  cm  long.  The  electron  gun,  the  grid  and  collector  constituted  the 

ionization  region.  The  electrons  were  obtained  by  heating  a  Ba-0  coated  cath¬ 
ode  by  a  ceramic  covered  tungsten  heater.  The  heater  was  held  at  cathode 
potential  thus  avoiding  arcs,  and  was  used  with  a  fixed  6.3  V  drop,  which  led 
to  a  current  of  up  to  0.85  amps.  The  cathode  voltage  could  be  varied  from  0 
to  500  volts.  From  the  electron  current-voltage  characteristic,  the  electron 
gun  was  found  to  follow  the  Chi Id- Langmuir  space-charge  law  with  a  slope  of 
0.11  p  per  volts.  The  electron  collector  consists  of  about  150  razor  blades 
(uncoated  Shick  injector  blades)  held  tightly  together  and  electrically  isola¬ 
ted  from  ground.  Due  to  the  sharpness  of  the  blades  most  electrons  are  either 
absorbed  on  first  impact  or  are  reflected  back  into  the  blades  and  then  col¬ 
lected.  The  potential  of  the  collector  could  be  varied  from  0  to  500  volts. 

A  coarse  copper  grid,  held  over  the  collector  and  maintained  at  ground  poten¬ 
tial  was  employed,  in  order  to  avoid  the  collector  voltage  from  accelerating 
electrons  and  affecting  the  collections  of  ions.  From  the  observed  ion  signal- 
electron  collector  voltage  characteristics,  the  range  100  <V<80  found  out  to  have 
no  effect  on  collector  voltages  and  large  enough  to  collect  most  of  the  electrons. 

The  positive  ion  detection  section  consists  of  an  einzel  lens  leading  to  a 
quadrupole  mass-spectrometer  and  ion  counter.  The  einzel  lens  consists  of  three 
parallel  steel  plates  each  with  a  centre  hole  diameter  of  1cm.  The  voltage  of  _ 
the  centre  plate  could  be  varied  from  0-250  volts,  positive  or  negative,  with 
respect  to  ground.  The  outer  two  plates  were  electrically  connected  at  volt¬ 
ages  from  0-250  volts,  positive  or  negative.  For  the  focal  lengths  used  in  this 
experiment,  the  lens  acted  as  a  thin  convex  lens.  It  was  found  by  experiment 
that  setting  of  -1A2  V  for  the  inside  plate  and  -60  V  for  the  two  outside  plates 
of  the  einzel  lens  gave  the  optimum  focusing  characteristics  (i.e.  large  signal 
with  low  signal  distortion).  The  ion  detector  developed  by  Joshi  et  al-^  Was 
used  in  the  present  study. 

3.2  Experimental  Procedure  and  Calibration 

The  ion  signal  for  a  given  run  was  obtained  by  varying  the  electron  energy 
with  a  fixed  constant  voltage  applied  elsewhere.  Thus  the  intent  was  to  repro¬ 
duce,  as  best  as  possible,  the  same  conditions  for  differing  electron  energies 
at  a  given  vibrational  excitation. 

For  each  temperature  condition,  an  argon  and  neon  ionization  cross  section 
curve  was  obtained  for  the  purpose  of  calibration.  The  experimentally 
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derived  cross  sections  were  normalized  with  the  argon  and  neon  cross  sections 
from  Rapp  and  Englander-Goldenl^.  Since  these  cross  sections  should  be  inde¬ 
pendent  of  the  vibrational  temperature, they  were  employed  as  references.  The 
calibrations  and  normalization  procedure  follow  the  usual  sequence.  The  ion 
signal  from  the  detector  (1+)  is  related  to  the  cross  section  (a)  by 

I  =  nl  n£a 

where  n  is  the  neutral  number  density,  l  is  the  collisional  path  length  of  the 
electrons  with  the  neutrals,  I_  is  the  electron  gun  current  and  q  is  the  total 
collection  efficiency,  which  includes  that  affected  by  the  following  parameters 
(a)  einzel  lens  (b)  transmission  through  the  quadrupole  system  (c)  ion  detec¬ 
tion  system.  This  leads  to  a  determination  of  the  absolute  cross  section,  a, 
for  ionization  of  a  seeded  gas,  by  assuming  that  q  is  the  same  for  the  seeded 
gas  as  for  argon. 

I+(V,N,T)aA(V) 

=  I+(V,A,T)X 

where  I+(V,N,T)  is  the  ion  signal  from  the  detector  measured  at  an  electron 
beam  voltage  of  V  for  species  N  at  temperature  T,  c^(V)  is  the  ionization  cross 
section  of  argon  from  Rapp  and  Englander-Golden^  measured  at  V  and  x  is  the 
present  concentration  of  molecules  in  argon. From  the  argon  and  neon  curves  for 
different  shock  reflected  region  temperatures,  a  weak  mass  effect  and  molecular 
beam  property  effect  on  the  collection  efficiency  has  been  observed. 

3.3  Experimental  Results  and  Discussions 

The  electron  ionization  reactions  for  oxygen  in  the  present  electron  ener¬ 
gy  ranges  and  partial  pressures  are  direct  and  dissociative  ionization,  as  fol¬ 
lows: 

C>2  +  e  -*■  0*  +  e  (direct  ionization) 

-*■  0+  +  0  +  e  (dissociative  ionization) 

Typical  electron  impact  measurements  reported  here  in  the  case  of  direct 
ionization  of  oxygen  with  Tv=5300  K  are  shown  in  figure  8  and  are  compared  with 
results  reported  by  other  workers  at  Tv=300  K.  Figure  8  shows  that  the  cross 
sections  reported  here  agree  both  in  order  of  magnitude  and  in  the  shape  of 
the  curve  with  the  other  results.  The  effects  of  vibrational  temperature  on 
this  cross  section  are  shown  in  Fig.  9  .  The  latter  indicates  that  the  cross 
section  at  a  vibrational  temperature  of  2300  K  is  identical  with  the  present 
Tv=300  K  results.  The  measurements  at  Tv»6000  K  shows  some  small  systematic 
variations  of  the  cross  sections.  It  is  also  seen  to  vary  for  E  >  200  eV. 

At  E  <  200  eV,  the  maximum  in  the  cross  section  seems  to  be  shifted  towards 

higher  electron  energy  with  increasing  vibrational  temperatures. 

The  effects  of  vibrational  temperature  on  the  oxygen  electron  impact  dis¬ 
sociative  ionization  are  shown  in  Fig.  10  together  with  the  results  of  Rapp  et 
al-^  at  300  K.  Figure  10  shows  general  correlation  with  the  results  of  Rapp 
et  all^.  However  a  more  definite  shift  to  higher  E  is  observed  in  the  current 
measurement  of  the  cross  section  for  dissociative  ionization.  Finally  the 
Odiss  for  oxygen  Is  plotted  as  a  function  of  vibrational  temperature  and  com¬ 
pared  with  the  theoretical  predictions  of  Evans  et  al®  in  figure  11,  which  are 
strictly  only  valid  for  higher  values  of  E.  Nevertheless  they  are  seen  to 
be  in  substantial  agreement  with  the  experimental  values.  The  disagreement 
between  these  results  and  the  much  larger  shift  determined  by  Spence  and  Dolder*-, 
could  well  be  due  to  an  inadequate  allowance  for  n  by  these  authors.  odiss  at 
Tv«3000  K  for  CO  is  shown  and  is  compared  with  the  room  temperature  (Tv*300  K) 
measurements  of  Rapp  et  al  (1965)  in  figure  12.  Only  the  case  of  C04-e-*C+0++2e 
is  shown  in  the  figure.  It  is  seen  that  the  increase  in  Odiss  leading  to  0+  is 
about  one  order  of  magnitude  when  the  vibrational  temperature  is  increased. 
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Fig.  7:  Schematic  of  Ionization  Cross 
section  measurement  apparatus. 
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Fig.  8:  Direct  ionization  cross  sec¬ 
tion  of  oxygen  with  Tv*5300  K. 


Fig.  9:  The  effect  of  vibrational 
temperature  on  direct  ionization  cross 
section  of  oxygen. 

although  the  same  general  shape  of  the 
4.  Conclusion 


Fig.  10:  The  effect  of  vibrational 
temperature  on  dissociative  ionization 
cross  section  of  oxygen. 

curve  is  maintained. 


The  measurement  of  ionization  cross  section  by  electron  impact  has  been 
conducted,  employing  a  shock  heated  molecular  beam,  and  the  relaxation  of  vib¬ 
rational  temperature  in  the  system  is  predicted  numerically.  This  leads  to 
the  following  conclusions. 

(1)  For  shock  reflected  temperatures,  T5,  larger  than  6000  K,  the  vibra¬ 
tional  population  distribution  at  the  free  molecular  (freeze  out)  point  is  non- 
Boltzmann  for  any  mixture  ratio  with  argon.  (2)  For  concentrations  of  seeded 
molecules  less  than  10%,  the  vibrational  population  distribution  was  near 
Boltzmann  and  independent  of  partial  pressure  for  T5  <  3000  K.  (3)  The  den¬ 
sity  of  molecules  at  a  free  molecular  point  decreases  nonlinearly  with  an  in¬ 
crease  in  temperature  of  the  reflected  region  T5.  (4)  The  vibrational  tempera¬ 

ture  at  a  free  molecular  point,  increases  nonlinearly  with  the  temperature  in 
the  shock  reflected  regions.  (5)  There  are  some  small  systematic  variations 
of  the  cross  sections  for  both  dissociative  and  direct  electron  impact  ioniza¬ 
tion,  with  vibrational  temperature  in  the  case  of  homonuclear  molecules.  (6) 

The  experimental  results  agree  with  theoretical  values  obtained  using  a  modi¬ 
fied  reflection  method  for  the  dissociative  ionization  cross  section  of  oxygen. 
(7)  A  relatively  larger  influence  of  the  vibrational  temperature  on  the 
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Fig.  11:  Comparison  of  experimental 
CTdiss  w*t*1  theory. 

dissociative  ionization  cross  section  1 
molecule,  i.e.  CO  in  the  present  case 


Fig.  12:  The  effect  of  vibrational 
temperature  on  dissociative  ionization 
cross  section  of  CO. 

.s  been  observed  for  a  heteronuclear 
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DISCHARGE  FLOW/SHOCK  TUBE  STUDIES  OF  SINGLET  OXYGEN 


Peter  Borrell,  P.M.  Borrell,  M.D.  Pedley,  K.R.  Grant  and  R.  Boodaghians 
Department  of  Chemistry,  Keele  University,  Staffordshire,  England. 

y 

The  four  modes  of  using  a  discharge  flow  shock  tube  are 
discussed  with  exanq>les  drawn  from  previous  work  and  our 
own  studies  of  singlet  oxygen, (02(1Ag)  and  02(1lg)). 

Preliminary  results  are  reported  of  the  temperature 
dependence  of  the  'dimol'  emission  and  of  the  quenching 
of  02(1r+)  by  N20.  / 

INTRODUCTION 

The  discharge  flow  shock  tube  is  a  useful  means  of  isolating  and  studying 
the  elementary  reactions  of  excited  chemical  intermediates  and  free  radicals, 
at  the  high  temperatures  of  interest  in  flames  and  combustion.  The  advantage 
over  the  normal  shock  tube  is  the  separation  of  the  production  of  the 
intermediates  from  the  shock  heating,  which  acts  simply  as  a  temperature  and 
concentration  switch. 

Although  there  was  an  early  study  by  Benson1,  and  allied  work  using  a 
pulsed  discharge  by  Wray  and  Teare2,  the  first  apparatus  in  the  present  form 
was  that  of  Hartunian,  Thompson  and  Hewitt3  who  used  an  RF  discharge  to 
dissociate  nitrogen,  and  studied  the  temperature  dependence  of  the  afterglow 
recombination  reaction.  Gross1*’ 5,6  and  Cohen  used  the  same  tube  with  a 
microwave,  discharge  to  study  further  chemiluminescent  processes.  Breen,  Quy 
and  Glass7’ 8  then  used  an  RF  discharge  to  study  the  effect  of  atoms  on 
vibrational  relaxation,  and  also  studied9  the  reactions  of  H  atoms  with  N20. 

We  tried  experiments  with  active  nitrogen10  but  our  recent  work  has  been 
on  studies  of  singlet  oxygen11’12.  This  has  given  us  an  insight  into  the 
methods  of  using  the  technique  and  here  we  review  these,  taking  examples  for 
each  from  our  own  and  other  work. 
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EXPERIMENTAL 

Figure  1  shows  a  diagram  of  our  apparatus.  Purified  O2  is  passed  over 
mercury  and  through  the  microwave  discharge  cavity.  Mercury  removes  atomic 
oxygen  and  leaves  a  flow  which  at  6  torr  (,v  700  Pa),  contains  5-10%  02(1Ag) 
in  02.  The  concentration  of  02(1Eg)  is  about  0.1%  of  the  02(1Ag).  The 
oxygen  then  flows  along  the  shock  tube  in  the  opposite  direction  to  the  shock. 
When  studying  weak  emissions,  the  direction  of  flow  is  important;  with  the 
pre-shock  flow  in  the  opposite  direction  to  the  shock  wave,  the  discharge  is 
closer  to  the  observation  station  and  so  the  signal/noise  ratio  is  increased. 

In  the  pre-shock  flow,  O^1^)  is  deactivated  both  by  collision  and  at 
the  walls  so  there  is  a  concentration  gradient  along  the  tube  which  we  measure 
with  a  travelling  photomultiplier. 

The  shock  wave  is  generated  by  pressure  bursting  an  aluminium  diaphragm 
with  He,  N2  or  mixed  driver  gases  at  6  atm  (■>.  600  kPa)  .  The  speed,  from 
0.8  to  1.7  km  s-1  giving  temperatures  between  600  K  and  1850  K,  is  measured 
with  three  laser  light  screens.  The  light  emission  is  observed  by  two 
photomultipliers  (EMI  9658B  equipped  with  filters),  and  their  outputs  are 
stored  with  transient  recorders.  The  digitised  output  is  then  passed  to  a 
Hewlett  Packard  264 7A  graphics  terminal  for  storage  and  analysis. 

Our  technique  differs  from  those  used  previously7  in  the  flow  direction, 
the  facilities  for  pre-shock  analysis  of  the  concentration  gradient,  and  the 
use  of  the  whole  post-shock  emission  trace  for  analysis. 


Figure  1.  A  diagram  of  the  discharge  flow/shock  tube  apparatus. 
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METHODS  FOR  USING  A  DISCHARGE  FLOW/SHOCK  TUBE 

(1)  Measurements  of  chemilumi scent  reactions  using  the  shock  front  compression 

For  luminescent  reactions  which  occur  in  the  pre-shock  flow,  shock  compression 
provides  a  ready  way  to  study  changes  with  density  and  temperature.  The  mode 
was  used  by  Hartunian,  Thompson  and  Hewitt3  and  by  Gross  and  Cohen4’5  to 
study  the  chemiluminescent  recombination  reactions;  N+N;  N+O;  and  SO+O. 

We  have  used  it  to  study  the  'dimol'  emission  reactions13  of  02(xAg);  in 
these  still  unfamiliar  processes,  two  excited  molecules  lose  their  energy14 
in  a  single  quantum  of  radiation  (A=634  nm) : 

o2(xAg)  +  Oa^Ag)  -*■  o2(3ig)  +  o2(3r>  +  hv  (1) 

Now  the  intensity  of  a  collisional  process  should  be  given  by 

634!  =  kT* [02(lAg)]2  (2) 

and  so  the  ratio  of  post  to  pre-shock  intensity  is 


(634l2/634Il)  =  K(T2/Ti)*(p2/p,)2 


where  p  and  T  are  the  density  and  temperature .  K  should  be  unity  if  equation 
(2)  is  valid.  Figure  2  shows  the  variation  of  K  with  T  for  this  634  nm 
emission. 


200  400  600  800  1000  1200  1400 


Figure  2.  The  variation  of  K  (equation  3)  with  temperature. 

The  points  are  experimental  results.  The  full  line  shows  the 
final  fit  using  a  model  with  the  normal  and  first  two  hot  bands; 
the  dotted  line  shows  the  contribution  of  the  normal  band,  and 
the  dashed  line  the  sum  of  the  normal  and  first  hot  bands. 
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At  lower  temperatures  K.  is  close  to  unity  indicating  the  correct 
attribution  and  behaviour,  but  it  does  increase  systematically.  We  take  the 
increase  to  indicate  the  presence  of  "hot  bands";  emissions  from  vibrationally 
e,xcited  Oj^Ag)  molecules.  For  example  the  band  at  634  ran  corresponds  to 
simultaneous  transition  from  (v’=0,  v'=0)  in  the  reactants  to  (v' '=0,  v' '=0) 
in  the  products.  The  following  transitions  would  also  occur  near  634  nm, 
(v’=l,  v*=0)  to  (v"=l,  v”=0)  and  (v'=l,  v'=l)  to  (v"=l,  v"=l)  but  these 
would  only  be  seen  at  the  higher  shock  temperatures.  The  line  in  the  figure 
shows  the  fit  which  we  have  obtained  with  this  model,  and  using  it  we  have 
determined  the  relative  transition  probabilities  for  these  transitions.15 

(2)  Measurements  of  the  change  in  concentration  gradient 

Earlier  workers3  7  had  noted  the  gradient  but  did  not  need  to  analyse  it. 
Figure  3  shows  a  trace12  for  the  post-shock  emission  from  C^^Ag).  The 
compression  at  the  shock  front  (method  1)  is  evident  but  it  is  followed  by  a 
decay.  Remember  that  after  the  front,  one  sees  gas  from  upstream,  in  the 
shock  sense,  passing  the  observation  point.  Now  does  the  fall  simply  reflect 
the  pre-shock  concentration  gradient  in  the  tube  or  is  it  due  to  a 
deactivation  process? 

The  deactivation  reaction  is: 

Oz^A  )  +  M  -*■  02(3O  +  M  (4) 

8  8 

with  a  rate  constant  k(Tj)  at  the  pre-shock  temperature,  Tj.  If  the  pre-shock 
flow  rate  is  f  then  post-shock  decay  due  to  the  concentration,  c,  can  be  shown 
to  be : 

c/cq  =  exp[-k(Ti)Wg(p2-p1)tJl/p1/]  (5) 

where  t£  is  the  laboratory  time  and  Wg  is  the  shock  velocity. 

If  there  is  deactivation  at  the  high  temperature  then  a  further  factor 
must  be  added  to  the  exponent:  -k(T2)p2t ^/Pi • 

The  line  in  figure  3  shows  the  decay  predicted  from  the  pre-shock 
gradient;  the  good  fit  shows  that  k(T2)  is  not  measurable  in  our  system. 

There  are  two  conclusions  from  this  analysis:  since  02(*A  )  is  not 
deactivated  at  high  temperature  each  record  of  the  emission  gives  us  an 
accurate  concentration  profile  of  the  pre-shock  concentration;  it  indicates 
that  our  tube  is  working  well  and  gives  us  confidence  in  the  analysis. 

Secondly,  for  a  change  to  be  discernable,  the  ratio  k(T2)/k(Ti)  must  be 
about  40  which  corresponds  to  a  minimum  activation  energy  of  about  15  kJ  mol 
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(3)  Adjustment  in  the  steady  state  after  shock  heating 

Here  measurements  are  made  of  the  enhancement  of  the  emission  over  that 
expected  from  the  pre-shock  value,  and  also  of  the  rate  of  relaxation  to  the 
new  state. 


Figure  4  shows  the  emission  trace  for  O^1!*).  It  can  be  divided  into 
five  regions  of  which  the  figure  shows  four. 

(a)  The  pre-shock  emission  at  762  nm  is  from  O^1!*)  which  is  formed  in  the 
energy  pooling  reaction  from  02(1Ae)  and  removed  by  collisional  deactivation 
or  at  the  wall: 

k 

02(1A  )  +  O^A  )  02 ( 1 E  )  +  02(3Z  )  (6) 

g  g  g  g 

k 

02(1r  )  +  M  -S-*  02(3A  )  +  M  (7) 

8  8 

k 

O^1!  )  +  wall  -Z+  02(:A  or  3l“)  (8) 

g  g  g 


At  any  point  in  the  tube  there  is  a  steady  state  concentration  of  02( 
determined  by  its  rates  of  formation  and  removal  at  room  temperature. 


lZ*) 


(b)  The  rise  at  the  shock  front  is  due  to  the  compression,  so  that  : 

762I2  (t=0)  =  762I1  p2/pi  (9) 

This  is  equivalent  to  mode  1  and  ca”  be  used  to  check  the  pressure  dependence 
of  the  emission12.  The  risetime,  characterised  by  t  ,  is  due  to  the  optical 
slitwidth. 


(c)  A  relaxation  zone  follows  the  rise;  in  it  the  concentration  adjusts  to 
the  new  steady  state  level  determined  by  reactions  (6)  and  (7)  at  the  high 
temperature . 

(d)  The  fall  in  emission  is  governed  by  the  pre-shock  decay  of  [02('a  )]  along 

the  tube  -  i.e.  as  in  mode  2.  ® 


(e)  Finally,  but  not  shown,  there  is  a  fall  in  emission  at  the  arrival  of  the 
contact  surface. 


The  analysis  must  take  all  the  features  in  (a)  to  (d)  into  account. 
After  integrating  the  rate  equations  for  reactions  (6)  to  (8)  the  following 
expression  is  obtained  for  the  post-shock  emission: 


762I2  (t) 


762I  j 


(p  2/p 1 ) 


(l-K)exp[-k  t]f exp(-at)dt/t 
q  s 


(10) 


where  a  is  the  constant  describing  the  concentration  gradient,  k  is  the  rate 
constant  for  equation  (7)  at  T2,  and  K  is  the  ratio  of  the  highq  and  low 
temperature  rate  constant  ratios: 

W7  yv 

K  .  -  (U) 

yy/iyv  +  ytMii 


The  wall  reaction  is  neglected  at  T2. 
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The  integration  is  done  numerically,  since  we  take  into  account  the  change 
of  density  with  vibrational  relaxation  and  non-ideal  shock  behaviour.12  The 
analysis  is  carried  out  by  a  combination  of  interactive  computer  graphics  and 
non-linear  least  squares16  to  give  a  and  tg  which  can  be  compared  with  the 
known  parameters  for  the  system,  k  (Tj)  and  K  which  then  yield  k^Tj). 

We  have  made  measurements  with  a  number  of  additives12’17  and  figure  5 
shows  some  of  our  results,  including  preliminary  measurements  for  N2O  as  a 
quencher.  An  interesting  feature  of  the  results  is  the  negative  temperature 
dependence  of  quenching  by  CO2  and  N2O  which  contrasts  with  the  slow  rise 
with  temperature  of  the  rate  constants  for  quenching  by  O2  and  N2. 

We  have  also  used  this  method  to  study  vibrational  relaxation18  of 
02(jA  )  by  studying  the  'dimol’  emission  at  579  nm. 


8h  N20 
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Figure  5.  A  plot  of  the  rate  constants  obtained  for  the  quenching 
of  02(1Eg)  by  various  gases.  Experimental  results  for  two  mixtures 
with  nitrous  oxide  are  shown. 

(4)  Normal  measurements  with  reactive  additives. 


Here  the  discharge  is  used  to  generate  an  intermediate  which  is  used  as  an 
additive  in  a  normal  shock  tube  experiment.  Breen,  Quy  and  Glass7’8  used  this 
mode  in  their  measurements  of  the  vibrational  relaxation  of  O2  in  the  presence 
of  atomic  oxygen.  The  atom  concentration  (up  to  1.8%)  was  measured  by  the  air 
afterglow  from  added  NO.  Then  the  relaxation  time  was  measured  by  the  laser 
schlieren  technique  of  Kiefer  and  Lutz19. 

Glass  and  Quy9  used  the  same  mode  to  measure  the  reaction  H+N2O,  by 
studying  the  decay  of  infrared  emission  from  N2O  in  the  prese..^e  of  atomic 
H  (%  0.4%) . 

In  both  applications  the  concentration  of  the  atoms  was  assumed, 
reasonably,  to  be  constant  but  if  the  concentration  does  change  appreciably, 
then  the  change  must  be  taken  into  account  (method  2). 
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CONCLUSION 

The  examples  show  the  versatility  of  the  discharge  flow  shock  tube  for 
making  measurements  of  the  rates  of  fundamental  chemical  and  spectroscopic 
processes.  As  with  any  method,  the  reactions  to  be  studied  must  satisfy 
certain  conditions  on  rate  and  temperature  dependence,  and  it  is  necessary  to 
make  thorough  pre-shock  measurements  in  order  to  obtain  the  best  understanding 
of  the  post-shock  behaviour.  It  is  certainly  worthwhile  to  aniiyse  the  whole 
of  the  post-shock  emission  to  obtain  a  full  understanding  of  rhe  processes 
occurring  and  reliable  values  of  the  rate  constants.  When  this  is  done  the 
technique  provides  probably  the  best  method  for  measuring  rates  of  reactions 
between  600  and  2000  K. 

This  work  is  supported  by  the  Science  Research  Council. 
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-■^The  present  investigation  was  undertaken  in 
order  to  measure  the  rotational  relaxation  rate  of 
molecular  hydrogen  by  monitoring  the  number  den¬ 
sity  of  n-H„  in  a  state:  v=0  and  J=1  in  the 
supersonic  nozzle  flow,  by  means  of  coherent  anti- 
Stokes  Raman  spectroscopy  (CARS) .  The  CARS  appa¬ 
ratus  was  essentially  the  same  type  of  Regnier  and 
Taran.  -- 

A^fehe  preliminary  experiment  the  CARS  trans¬ 
formation  coefficient  was  measured  on  wide  tempera¬ 
ture  and  pressure  range,  which  was  in  agreement 
with  the  thoretical  calculations. 

In  the  experiments  of  the  rotational  relaxa¬ 
tion,  the  gas  mixture  (20%  H„  +  80%  Ar)  was  heated 
by  the  reflected  shock  wave  in  the  temperature 
range  from  2200  to  2650  K  and  the  pressure  range 
from  1.5  to  5  atm  and  expanded  rapidly  through  the 
conical  nozzle, so  that  the  non-equilibrium  condi¬ 
tions  between  the  rotational  and  the  translational 
degrees  of  freedom  were  realized,  where  concentra¬ 
tion  of  H_(J=1)  was  determined  by  CARS  technique. 

Experimental  results  were  analyzed  by  means 
of  the  conventional  conservation  equations  of 
fluid  mechanics  and  the  master  equations  using  the 
rave  constants  with  an  exponential  energy  gap  law. 


1 .  Introduction 

Unless  the  system  is  in  the  extremely  low  temperature,  mole¬ 
cules  distribute  in  many  rotational  states.  Since  the  energy  gap 
between  adjacent  rotational  levels  increases  with  the  rotational 
quantum  number,  the  higher  levels  can  relax  more  slowly  than  the 
lower  levels.  These  multilevel  features  make  it  difficult  to 
understand  the  experimental  results  of  the  rotational  relaxation. 

The  rotational  relaxation  of  molecular  hydrogen  has  been 
extensively  investigated  by  means  of  the  various  techniques,  such 
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as  sound  absorption  [1~4] ,  shock  tube  [5-7]  and  free  jet  expansion 
[8,9].  Because  the  rotational  distribution  was  not  measured  in 
these  experiments,  the  deduced  results  from  the  experiments  were 
the  rotational  collision  number,  ZR,  or  the  relaxation  time  t. 

The  temperature  dependecies  of  the  collision  number  in  these 
works  were  not  in  agreement  with  each  other.  These  apparent 
discrepancies  were  qualitatively  explained  by  Rabitz  and  Lam  [10] 
who  solved  the  fluid  mechanical  equations  and  the  master  equations 
by  using  the  theoretically  calculated  state-to-state  rate  constants. 
They  concluded  that  single  relaxation  time  derived  from  those  exp¬ 
eriments  were  expected  to  yield  different  behaviours , and  this  was 
a  result  of  multilevel  natures  as  well  as  the  differences  of  init¬ 
ial  distributions  in  the  rotational  levels. 

In  this  study  the  concentration  of  molecular  hydrogen  in  a 
state,  v=0  and  J=l,  was  monitored  directly  by  CARS  (Coherent  Anti- 
Stokes  Raman  Spectroscopy)  to  observe  the  rotational  relaxation 
process  in  the  supersonic  nozzle  flow.  The  experimental  results 
confirmed  the  inference  drawn  by  Rabitz  and  Lam. 

Although  CARS  has  been  developed  as  a  powerful  nonlinear 
optical  technique  and  has  many  advantages  [11-13], it  was  necessary 
to  know  how  CARS  signal  intensity  depends  on  the  temperature  and 
the  total  pressure  in  order  to  apply  this  technique  to  the  study 
of  rotational  relaxation  in  molecular  hydrogen.  Since  the 
technique  was  developed  rather  recently  and  the  temperature  and 
the  pressure  dependence  were  not  known,  experiments  for  obtaining 
those  dependences  were  performed  as  the  preliminary  experiments. 


2 .  Experimental 

CARS  apparatus  was  essentially  the  same  as  that  of  Taran  et 
al.[14]  and  shown  in  Fig.l.  The  pumping  laser  was  the  giant  pulse 
ruby  laser  (GRL,  about  10MW,  20  nsec.)  which  worked  on  a  single 
longit-dinal  mode  and  focused  in  the  high  pressure  cell  which 
contained  pure  H2  gas  of  about  8  atm.  to  generate  the  stimulated 
Raman  scattering  (SRS) .  SRS  from  the  high  pressure  cell  at  the 
room  temperature  worked  on  Qox(l)  line  [15],  so  CARS  signals  were 
associated  with  two  states  of  H2;  v=0,  J=1  and  v=l,  J=l.  After 
the  first  order  anti-Stokes  radiation  was  removed  by  the  glass 
filter,  Fi  (Hoya  R-64),  both  GRL  and  the  first  order  Stokes  radia¬ 
tions  were  overlapped  colinearly  and  focused  in  the  observation 
point  by  use  of  the  lens  L3  (f  =  15  cm) .  The  generated  CARS  sig¬ 
nals  were  separated  by  dichroic  mirror (DCM)  and  detected  by  the 
photomultiplier  (PM,  Hamamatsu  TV,  R106UH)  through  the  appropriate 
filters  and  the  monochrometer  by  which  the  stray  light  was  removed. 

Since  the  intensity  of  CARS  depended  on  that  of  the  pumping 
laser,  CARS  signal  from  the  reference  cell  (RC)  which  contained 
H2  gas  at  2  atm.  was  measured  simultaneously. 

Each  output  of  the  CARS  signal  was  fed  into  the  high  speed 
integrator  (INT,  Cambera  2005),  then  displayed  on  a  CRT. 

A  shock  tube  was  <?ed  for  measurements  of  temperature  and 
pressure  dependence  of  JARS  intensity.  The  shock  tube  was  made 
of  aluminum  of  60  mm  x  60  ram  cross  section  and  consisted  of  about 
2  m  long  low  pressure  section  and  1  m  long  high  pressure  one. 

The  light  pulse  of  GRL  was  synchronized  with  the  reflected 
shock  wave  by  use  of  a  delay  circuit.  The  pressure  of  the  reflected 
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shock  wave  was  measured  by  the  well  calibrated  pressure  gauge 
(Kistler)  which  was  mounted  just  above  the  observation  point  and 
the  temperature  was  calculated  by  the  conventional  way.  The 
measurements  of  the  CARS  signal  intensity  were  performed  on  the 
gaseous  mixtures  of  hydrogen  and  argon  at  300±5,  880±50,  1550±50K 
and  the  total  density  range  of  gas  was  from  1  x  10 18  to  2  x  10 19 
molecules/cm3.  The  mole  fraction  of  H2  was  1.0  (300K) ,  0.7  (880K) 
and  0.5  (1550K) ,  respectively. 

In  the  experiments  of  the  rotational  relaxation,  the  measure¬ 
ments  of  CARS  signal  intensity  were  performed  on  H_  diluted  in  Ar 
for  the  calibration  of  the  optical  system  at  the  room  temperature. 

The  shock  tube  was  used  with  the  conical  nozzle  separated  by 
the  diaphragm  (Myler  12ym  thick),  as  is  seen  in  Fig. 2. 


Fig.l  SCHEMATICS  of  THE  EXPERIMENTAL  SYSTEMS 

GRL:  Giant  Pulse  Ruby  Laser,  HPC:  Stimulated  Raman  Cell 
RC:  Reference  Cell,  INT:  High  Speed  Pulse  Integrator 
L.,~Lg:  Lens,  F-, ~F3:  Filter,  DCM:  Dichroic  Mirror 

P1~P3:  Piezo  Ga9e»  PM:  Photomultiplier,  PD:  Photo  Diode 
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Fig. 2  DETAILS  of  THE  NOZZLE  SECTION 
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The  shock  heated  gaseous  mixture  (20%  H2  +  80%  Ar) 
was  expanded  through  the  conical  nozzle  and  was  translationally 
cooled  rapidly,  but  the  energy  transfer  between  rotational  and 
translational  degrees  of  freedom  was  insufficient.  In  this  non¬ 
equilibrium  condition,  the  concentration  of  hydrogen  molecules  in 
a  state,  v=0,  J=1  was  monitored  by  means  of  the  CARS  technique. 

The  uniformity  of  the  nozzle-expanding  flow  was  examined  by  obser¬ 
ving  the  emission  from  the  carbon  dioxide  molecules  which  was 
seeded  in  Ar  +  H2  gas  mixture.  The  duration  of  the  uniform  nozzle 
flow  was  about  300ysec.  GRL  was  fired  during  this  period  by  use 
of  a  delay  circuit.  Experiments  were  performed  at  the  stagnation 
temperature  and  pressure  ranging  from  2200  to  2650  K  and  from  1.5 
to  4.7  atm,  respectively.  Reagents  gases  of  H2  and  argon  used 
were  of  the  research  grade  (99.999%  purity). 


3.  Results  and  Discussions 

CARS  process  can  be  described  by  the  third-order  nonlinear 
susceptibility,  x  /  and  the  spectrum  of  the  susceptibility  is 
affected  by  the  thermal  molecular  motions.  Therefore,  when  the 
temperature  and  the  total  pressure  of  the  system  are  different 
from  those  in  the  calibration  procedure,  it  is  necessary  to 
examine  how  CARS  signal  intensity  depends  on  these  conditions. 

The  detailed  description  related  to  this  subject  was  given  else¬ 
where  [19],  so  the  theoretical  results  are  described  briefly. 

CARS  signal  intensity,  13(0)3)  ,  is  given  as 


13(0)3)  =  //do)ido)2  |x  ^  3Mo>3?  0)i,  0)  i  ,  -o>2)  |  2IZ  (o>i )  I2  (o)  2  )  f 

(1) 

where  Ii(oii)  and  I2(o)2)  are  intensity  of  the  pumping  laser  and 
Stokes  shifted  emission,  respectively.  The  expression  of  the 
susceptibility,  is 


x<3)  _  c4/(o)i  o)2)  (dc/df2)  NAx  F  (0)3 ,0)0  ,y;T)  f  (2) 


where  (da/dfi)  is  the  differential  cross  section  of  the  spontaneous 
Raman  scattering,  NAX  is  the  population  difference  between  two 
states  related  to  Raman  transition,  o>0  is  the  eigen  frequency  of 
the  Raman  active  molecule  and  c  is  the  velocity  of  light.  The 
spectrum  of  the  susceptibility  is  determined  by  the  function,  F. 
The  functional  form  of  F  cannot  be  expressed  analytically  and 
depends  of  many  variables  including  y  which  was  the  measure  of 
the  total  number  density  defined  as 

y  =  kB  T  /(y  D)  ,  (3) 

where  k„  is  Boltzmann  constant,  y  is  the  reduced  mass  and  D  is 
the  diffusion  coefficient. 

Fig.  3  shows  the  experimentally  obtained  CARS  signal  intensi¬ 
ty  which  was  devided  by  (NAx) 2 .  Calclated  results  are  given  in 
the  solid  lines  and  are  in  good  agreement  with  the  experimental 
results.  Therefore,  it  is  possible  to  evaluate  the  correction 
of  CARS  signal  intensity  caused  by  the  different  conditions 
of  the  system  from  those  of  tne  calibration  procedure  by  use  of 
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in  ith  rotational  state  pj_, 

Pi  =  YiP,  (7) 

where  y^  is  the  mole  fraction  of  the  ith  rotational  state.  In 
constructing  the  master  equations  the  followings  can  be  assumed: 

i)  The  recombination  of  hydrogen  atoms  and  the  vibrational  relax¬ 
ation  of  H2  are  frozen  in  the  vicinity  of  the  nozzle  throat,  since 
their  rates  are  much  slower  than  that  of  the  rotational  relaxation. 

ii)  The  R-R  process  is  neglected.  Rabitz  and  his  collaborators 
have  extensively  studied  these  processes  by  means  of  the  effective 
potential  method  [10,  17].  They  calculated  the  cross  sections 
over  the  wide  range  of  energy  and  showed  that  the  cross  section  of 
R-R  processes,  i.e. 

p-H2(i)  +  p-H2(j)  -  p-H2(l)  +  p-H2(m)f 

o-H2(i)  +o-H2(j)  -  o-H2(1)  +  o-H2(m)f 

p-H2(i)  +o-H2(j)  +  p-H2(l)  +  o-H2(m)r 

are  1  or  2  orders  smaller  than  that  of  R-T  processes,  i.e. 

P-H?(i)  +  M  -*  p-H?(j)  +  M 

M  =  H?,Ar 

o-H2{1)  +  M  -  o-H2(j)  +  H  c 

the  rates  of  the  R-T  processes  of  multi-quantum  transi- 
| AJ |  =4  are  about  2  orders  slower  than  that  of  transi- 
=  2,  R-T  processes  of  double  quantum  jump  are  most 
and  the  other  processes  can  be  neglected.  The  master 
can  be  written  as, 

d  y1 

“J7"  pj [  'y<  ku  ku  ]-  181 

The  rate  constants  of  R-T  processes  have  been  calculated  by 
Rabitz  and  Zarur[17]  in  the  H2-He  system  and  these  are  well 
expressed  in  the  exponential  gap  law, 

^1  j  =  C]  9j  exPt “^2 1 G-|  ”  ej|/  ,  (9) 

where  Ci  and  C2  are  constant  and  gj  is  the  degeneracy  of  jth  state 
[18].  This  functional  form  is  adopted  in  our  calculations.  Eqs. 
(4),  (5),  (6)  and  (8)  are  numerically  solved  by  use  of  the  method 
of  Gear. 

As  is  shown  in  Fig. 4,  calculated  results  are  in  good  agree¬ 
ment  with  the  experiments,  when  the  parameters  in  Eq.(9)  are 
chosen  as 


iii)  Since 
tion  i.e. 
tion  | AJ | 
effective 
equations 


ci  =  1.5  x  10 1 °T  (cm3/mole.  sec.)  and  C2  =  1.8. 

These  rate  constants  are  smaller  than  the  calculations  of  Rabitz  & 
Zarur  by  a  factor  of  about  2  'v  4  in  each  transitions.  Considering 
the  difference  of  the  collision  partner,  i.e.  He  and  Ar,  it  should 
be  noted  that  the  rate  constants  obtained  in  the  theoretical  work 
by  Rabitz  &  Zarur  seems  to  be  reasonable. 
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Po  (atm-)  Fig.  5 

Fig. 4  CONCENTRATION  of  o-H2(J=1) 
at  THE  NOZZLE  EXIT 

T  and  P  are  the  stagnation 
temperature  and  the  stagnation 
pressure,  respectively. 


VARIATIONS  of  PAIRWISE 
TEMPERATURES  along  NOZZLE 
AXIS 

The  numbers  in  the  bracket 
indicate  the  rotational 
quantum  numbers,  i  and  j. 


It  is  apparent  that  Maxwell-Boltzmann  distribution  over  the 
rotational  states  is  not  held  during  the  relaxation  process,  as 
seen  in  Fig. 5.  Here  the  pair  temperature  is  defined  as 


_ [ci  -  ej] 

1  n  l_y .  (2j  +  1  )/ya2i  + 


TFT 


(10) 


It  is  clearly  seen  that  the  pair  temperature  depends  on  the  distan¬ 
ce  from  the  throat  and  the  higher  rotational  levels  are  frozen  in 
the  vicinity  of  the  nozzle  throat  and  the  lower  rotational  levels 
relax  faster,  as  it  is  expected  from  the  calculation  by  Rabitz  and 
Lam. 

Since  the  previous  investigators  measured  the  indirect  quan¬ 
tities  to  observe  the  rotational  relaxation  process,  they  could 
only  deduce  a  single  relaxation  time  or  collision  number  using  the 
Bethe-Teller  equation. 


d 

3t 


eD(t) 


t  ^eR  “  eR^  * 


(11) 
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where,  is  the  rotational  energy  in  the  equilibrium. 

It  is  obvious  from  the  present  experiment  that  the  concept 
of  the  rotational  collision  number  in  the  relaxation  of  the  multi¬ 
level  system  is  physically  insignificant  as  Rabitz  and  Lam  have 
theoretically  pointed  out. 


4.  Conclusions 

The  rotational  relaxation  process  was  observed  by  means 
of  CARS  technuque  and  the  conclusions  are  as  follows: 

i)  For  the  rate  constants  of  R-T  process  in  the  H2~Ar  system, 
the  exponential  gap  law  can  predict  the  present  experiments  very 
well  and  are  in  good  agreement  with  the  theoretical  prediction 
by  Rabitz  and  Zarur. 

ii)  The  concept  of  the  rotational  collision  number  in  the  rota¬ 
tional  relaxation  process  used  conventionally  by  many  investiga¬ 
tors  is  physically  insignificant  as  Rabitz  and  Lam  have 
pointed  out  theoretically. 
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A 

Experimental  measurements  were  made  of  the  vibrational  re¬ 
laxation  rates  of  CH4  and  C2H4  behind  shock  waves.  The 
laser  schlieren  technique  was  used  in  order  to  find  the 
rates  at  temperatures  as  low  as  330  K.  The  vibrational  re¬ 
laxation  times  agreed  within  5$  of  other  workers'  ultraso¬ 
nics  measurements  of  pure  ethylene  and  shock  tube  measure¬ 
ments  of  pure  methane.  Precision  of  brtter  than  1%  for 
individual  mixtures  allowed  for  a  sensitive  test  of  the 
linear  mixture  rule  for  methane: 

k  =  _ - 

where  k^  are  the  quasi-firstTSToer  rate  constants  for  the 
gas  by  oollider  i,  x^  the  mole  fraction  of  the  species  i  in 
a  mixture,  and  k  the  overall  rate  constant  for  the  mixture. 

It  was  found  that  with  methane-argon  mixtures  the  linear 
mixture  rule  was  not  strictly  obeyed.  Distortion  from 
linearity  is  evident  at  mole  fractions  of  CH4  <0.02,  and  is 
most  pronounced  at  the  highest  temperatures  studied 
(1600  K). 

INTRODUCTION 

The  laser  schlieren  technique  has  been  Instrumental  in  precise  measure¬ 
ments  of  rates  of  vibrational  relaxation1  and  of  the  dissociation  of  dl-tomic2 
and  triatomic*  molecules  in  shock  waves.  Its  excellent  time  resolution  has 
allowed  kineticists  to  probe  early  reaction  times  and  make  conclusions  about 
the  involvement  of  rotational  motion  during  vibrational  relaxation4  and  to 
detect  dissociation-incubation  times5-.  Its  sensitivity  to  the  thermoehe  dstry 
of  a  process  allows  the  unravelling  of  relatively  complicated  combustion  me¬ 
chanisms  .  However  much  of  the  work  has  been  confined  to  simple  molecules, 
and  the  author  wished  to  see  whether  larger  molecules,  especially  hydrocarbons, 
oould  also  be  studied.  It  is  known  that  the  vibrational  relaxation  times  of 
hydrocarbons  are  very  short4  ,  so  that  a  successful  study  would  have  to  be 
done  at  temperatures  as  low  as  possible  and  would  have  to  involve  high  dilu¬ 
tions  with  inert  and  inefficient  collision  partners. 

A  standard  procedure  when  working  with  mixtures  is  to  span  the  range  of 
mole  fractions,  and  to  extract  from  the  extremes  of  the  data  the  influence  of 
the  diluent  on  the  vibrational  relaxation  rate  and  of  the  relaxing  gas  itself 
on  the  rate.  In  that  procedure  the  linear  mixture  rule  is  tacitly  assumed: 

k  "  ?kixi 
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where  kj_  are  the  quasi- first  order  rate  constants  for  relaxation  of  the  gas  by 
collider  i,  Xj_  the  mole  fraction  of  species  i  in  a  mixture,  and  k  the  overall 
rate  oonstant  for  the  mixture.  This  is  purely  an  empirical  rule,  which  is  not 
really  predicted  by  theoretical  calculations1,8.  Nevertheless,  all  experimental 
tests  of  the  rule  up  to  the  present  have  confirmed  it  to  within  experimental 
error  for  diatomic  relaxation'  and  dissociation*  Such  tests  were  limited 
however  by  mole  fractions  which  were  not  less  than  0.05;  and  thus  one  aim  of 
this  work  was  to  extend  that  range  down  to  mole  fractions  of  0.005. 

EXPERIMENTAL 

The  apparatus  was  a  rectangular  cross-section  shock  tube  equipped  with  a 
laser  schlieren  observation  section.  It  has  been  described  in  detail  elsewhere1. 
One  mqjor  rrodificat Ion  involved  stabilisation  of  the  gold  film  resistance  strip 
velocity  gauges,  so  that  shock  waves  with  temperatures  behind  the  incident 
wave  as  low  as  350  K  could  be  studied  routinely.  We  used  C2Ify  (research  grade 
> 99-98 $  pure),  CHu  (>99.5$  pure),  and  Ar  (prepurified  grade  >99*998$  pure). 
Inpurities  were  mainly  Np,  whose  efficiency  as  energy  transfer  agent  for  hydro¬ 
carbons  is  known  to  be  small4.  The  C2Ni)  and  Cfy  were  used  initially  undiluted, 
in  order  to  establish  the  reliability  of  the  shock  tube  to  study  hydro  carbon 
relaxation.  Subsequently  Clfy  was  diluted,  and  the  following  mixture  composi¬ 
tions  were  studied:  50$,  25$,  10$,  5$,  2$,  1$,  and  1/2$.  Table  1  shows  the 
range  of  experimental  conditions  for  the  mixtures. 

Table  1.  Range  of  Experimental  Cbnditions  for  Relax^  'on  of  Cfy  in  Ar 


1  CH4 

Initial  Pressure 
(torr) 

Incident  Shock 
Tenperature  (K) 

A 

?/f* 

100. 

6.0 

-  90.7 

340  - 

678 

0.100 

-  1.645 

48.85 

6.8 

-  146 

339  - 

932 

0.073 

-  1.558 

24.74 

6.8 

-  154 

352  - 

1145 

0.058 

-  1.090 

9-91 

6.9 

-  160 

366^- 

1416 

0.026 

-  0.575 

4.91 

5.0 

-  319 

387  - 

1325 

0.016 

-  0.258 

2.04 

7.0 

-  322 

388  - 

1624 

0.008 

-  0.144 

1.15 

7.0 

-  40.0 

648  - 

1662 

0.016 

-  0.081 

0.497 

6.8 

-  21 

844  - 

1699 

0.013 

-  0.038 

Experiments  at  elevated  mole  fractions  and  relatively  high  tenperatures 
gave  rise  to  very  large  perturbations  from  vibrational  equilibrium,  as  is  in¬ 
dicated  by  the  rat io  Af/jl,  where  is  the  initial  unshocked  gas  density,  and 
tJf  the  change  in  density  during  the  vibrational  relaxation  period.  Fbr  pure 
ethylene  the  pressure  range  was  4.6  -  109  torr,  the  temperature  range  333— 

551  K,  and  Af/p.*0.170  -  2.09.  However,  for  both  Cfy  and  C2Pfy  the  relaxation 
time  was  so  short  for  these  extreme  cases  (  0.3  frsec  in  lab  coordinates)  that 
the  first  observation  time  possible  (determined  by  the  extent  of  the  shock 
front  curvature  effect  to  be~,l  psec)  was  already  well  beyond  3  relaxation 
units.  Thus  the  experiments  can  be  considered  to  have  occured  under  essential¬ 
ly  isothermal  conditions.  The  tenperatures  quoted  in  table  1  and  the  relaxa¬ 
tion  times  quoted  below  correspond  to  equilibrium  or  near  thermal  equilibrium. 
For  experiments  under  less  severe  conditions  the  first  observation  time 
possible  approached  one  relaxation  unit.  Fbr  all  experiments  the  temperature 
change  was  in  the  range  1  -  35  K.  In  principle  it  is  still  possible  to 
obtain  relaxation  times  as  a  function  of  temperature  fbr  each  experiment. 

This  was  indeed  done,  but  was  used  only  as  a  diagnostic  tool.  Because  of  the 
large  specific  heats  of  hydrocarbons  compared  to  diatomic  molecules,  and  be¬ 
cause  of  the  large  pressures  and  hence  large  rates  of  relaxation,  the  schlie¬ 
ren  signals  tended  to  be  more  than  adequate  in  magnitude.  The  improved 
sensitivity  gave  rise  to  excellent  oscillograms  even  at  low  tenperatures  (see 
fig.  1),  and  was  the  reason  why  low  mole  fraction  mixtures  could  be  studied. 
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Fig.  1.  Oscillogram  of 
laser  schl ieren  signal  from 
vibrational  relaxation  of 
pure  CH^ .  Initial  pressure 
*  18.3  torr,  stock  velocity 
0.868  im/ usee ,  T  *  ^  36  K  at 
thermal  equilibrium.  Each 
horizontal  division  is  1  ps. 


Temperatures  higher  than  1700  were  not  studied  in  order  to  avoid  the  influence 
of  dissociation.  Male  fractions  less  than  0.005  were  rot  studied  in  order  to 
avoid  the  possible  interference  by  boundary  layer  growth. 

Voltage  signals  obtained  from  the  ptotodetection  system  were  linearly 
proportional  to  laser  beam  deflections  caused  by  the  chemical  reaction,  and 
were  calibrated  with  the  aid  of  a  rotating  mirror.  The  time  resolution  of 
the  opto-electronic  system  was  better  than  50  nsec. 

DATA  REDUCTION 

The  measured  voltages  were  very  nearly  exponential  functions  of  time,  lb 
a  first  approximation  a  plot  of  the  logarithm  of  the  voltage  as  a  function  of 
time  is  linear  (correlations  >0.98).  The  slope  of  such  a  plot,  especially  in 
nearly  isothermal  conditions  is  closely  related  to  the  relaxation  time  in  la¬ 
boratory  coordinates.  By  multiplying  with  the  equilibrium  density  ratio  one 
converts  the  result  to  a  gas-particle  time  scale;  by  multiplying  with  the 
pressure  one  normalizes  the  result  to  one  atmosphere;  by  multiplying  with  a 
specific  heat  ratio  Cp/(Cp-  C.^)  one  corrects  the  result  fbr  time  variation 
of  the  translational  temperature  by  a  factor  which  can  approach  2  in  the  ex¬ 
treme  cases  of  this  work.  This  procedure  is  due  to  Blackman',  and  is  usually 
quite  successful.  In  assessing  this  procedure  it  is  worthwhile  realizing 
that  it  is  an  approximation.  One  assumes  that  the  empirical  rate  law  is  valid; 

dg_  _  Soo(T(t ) )  -  e  .  . 

dt  "  t  u  J 

Here  e  is  the  instantaneous  vibrational  energy  of  the  gas  at  time  t ,  T  is  the 
translational  temperature,  and  is  the  equilibrium  vibrational  energy  for 
temperature  T.  It  can  be  calculated  from  the  usual  quantum  statistical  mecha¬ 
nical  expressions  from  a  knowledge  of  the  fundamental  vibration  frequencies. 

C  Is  the  constant  pressure  heat  capacity  (which  one  can  obtain  from  JANNAF 
tables  l#)  and  Cyib  is  the  contribution  by  the  active  modes  of  vibration  to  Cp. 
One  assumes  that  the  heat  capacity  of  the  gas  mixture  and  the  pressure  are 
constants  in  time,  and  one  ignores  the  variation  in  time  of  bulk  flow  kinetic 
energy  in  the  energy  llux  balance.  We  used  this  procedure  in  order  to  obtain 
a  good  first  approximation  to  t  and  to  its  temperature  dependence.  However 
the  analysis  was  refined  by  using  a  procedure  sl'nilar  to  Kiefer’s"  to  account 
for  the  finite  perturbations.  It  should  be  stressed  that  one  cannot  avoid 
assuming  the  validity  of  eq.  (1),  nor  avoid  ambiguities  resulting  from  use  of 
the  correction  factor  Cp/(Cp  -  Cv^b).  The  latter  arise  from  the  laser 
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schlieren*s  basic  limitation  in  having  to  make  assumptions  about  the  therrro- 
chemistry  of  the  process.  In  this  case  it  takes  the  form  of  assuming  whether 
the  observed  relaxation  is  that  of  only  some  (i.e.  the  slowest)  modes  or  of 
all  modes  of  vibration  (9  for  CH^ ,  12  for  02^,).  In  the  Blackman  procedure 
it  involves  estimating  . Cvib  * ,  in  a  more  rigorous  procedure  it  involves  esti¬ 
mating  e  itself .  In  this  work  we  argue  that  all  modes  are  relaxing  simulta¬ 
neously  with  the  same  time  constant  (at  least  near  equilibrium).  This  is 
justified  because  it  is  possible  to  measure  the  total  amount  of  energy  relaxed 
during  the  observation  period.  This  is  done  by  integrating  the  measured  rate 
of  change  of  density  to  obtain  Ap.  It  was  found  that  by  extrapolating  to  the 
time  origin, that  the  measured  Apis  very  close  to  what  one  would  eocpect  when 
all  vibrational  modes  relax  simultaeously.  If  some  early  relaxation  process 
were  occuring  on  a  shorter  time  scale  one  would  expect  a  correspondingly 
smaller  Ap  .  That  this  was  not  so,  and  that  during  the  observed  relaxation 
zone  there  was  no  evidence  of  more  than  one  different  relaxation  time  ,  was 
taken  to  mean  that  all  modes  relax  ooneertedly.  Other  systems  studied  in  the 
past  led  to  similar  conclusions'?  It  remain0  however,  in  principle,  a  basic 
ambiguity,  since  except  by  assuming  one  relaxation  zone  one  cannot  unambiguous¬ 
ly  assign  the  measured  time  variation  of  x  to  either  a  temperature  variation 
or  to  a  variation  in  the  number  of  modes  relaxing.  The  basic  advantage  of 
the  HLackman  method  is  that  there  is  no  need  for  an  absolute  measure  of  the 
density  gradient  nor  of  the  time  origin. 

A  rigorous  procedure  due  to  Kiefer"  makes  use  of  the  fact  that  one  mea¬ 
sures  the  rate  of  change  of  density  at  each  point  in  time,  and  thus  one  can 
obtain  an  estimate  of  x  at  each  instant  in  time.  Starting  from  eq.  (1)  one 
can  show  that 

-  dec/de]  (2) 

PT  -  “  d£n(xde/dt ) 
dt 

In  the  following:  p,  p,  u,  T,  p,  h  are  the  local  pressure,  density,  gas- 
particle  velocity,  temperature,  molecular  weight,  and  specific  enthalpy  res¬ 
pectively.  Symbols  subscripted  with  "o'  correspond  to  unshocked  variables. 

Eq.  (2)  can  be  sinplified  if  one  notes  that 


de  _  de  dp  dy  dt p  =  d£.dP.Hj.Po  (3) 

dt  dp  dy  dt^  dt  dP  dy  P 

where  t^  is  time  in  laboratory  coordinates. 

Also  de^  =  df^.dT  dP  =  C^dT  dP  (4 ) 

de  dT  dp'de  'dp'de 

where  is  the  vibrational  contribution  to  the  heat  capacity  of  the  gas. 
Jn  Kiefer’s  original  analysis,  the  factors  dT/dP  and  dp/de  were  evaluated 
numerically.  Here  we  give  analytical  expressions  based  on  a  solution  of  the 
Hugpnlot  equations  and  their  derivatives  : 


pu=(oib  (5) 

p  +  pu2  -  p0  +  (6) 

h  +  4u2  =  +  h\£  (7) 

and  p  =  p  HT  (8) 

u 

and  i^h  -  Xq  •  (4HT  +  c)  +  (1  -  Xq  (9) 


where  Xq  is  the  mole  fraction  of  the  relaxing  component  of  the  mixture,  and 
where  we  have  identified  ewith  all  vibrational  modes  of  a  non-linear 
polyatomic  molecule.  The  solution  is  : 
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u  =  p0u,/p 

(10) 

P  =P0  +  pou?  (1  -  po/p) 

(ID 

X*  =  fao  +  P0U0  (1  -  po/p)Wp 

(12) 

dp  xy 

RTo(3X0+  5)/2  4-  mou2[?5  +(2  4-  3X0/2)(1  -  2P</p)]| 

(13) 

and 

^="feK+^2oa-2po/p)]  . 

(14) 

The  factor  (1  -  de  /de)  can  be  rewritten  as  ds^dT  -  dem/dT 

de/dT 


and  thus  be  recognized  as  the  iid re  exact  analogue  of  the  Blackman  factor 
Cj/(Cp-  Cyjb)-  Indeed,  if  in  the  denominator  of  eq.  (2),  t  and  p  do  not 
vary  strongly  with  time,  then  eq.  (2)  reduces  exactly  to  the  Blackman  fbrm. 

Measured  voltages  are  directly  proportional  to  laser  beam  deflection  A. 

A  is  related  to  the  density  gradient  via 

A=KD£df/dy  (15) 

where  l  is  the  width  of  the  shock  tube,  D  the  detector  distance  to  the  shock 
tube,  and  k  is  the  GLadstone-Dale  constant  fbr  the  gas  mixture.  The  latter 
is  a  mass  fraction  average  over  the  k's  of  the  individual  component,  gases. 

Fbr  argpn  it  is  0.159,  fbr  methane  0.628,  and  fbr  ethylene  0.388  cnrg“i.  Thus 
dp^dy  is  easily  determined.  One  then  integrates  the  measured  density  gra¬ 
dient  backwards  in  time  to  a  point  where  the  resulting  Ap  equals  that  expected 
fbr  the  whole  relaxation  process.  In  this  work  such  time  origins  were 
consistently  dose  to  the  arrival  of  the  shock  front  at  the  laser  beam  (as 
given  ^  by  Kiefer’s  procedure).  Such  integrations  result  in  precise  assign¬ 
ment  of  p  to  each  time-point.  Prom  this,  the  remaining  thermodynamic  variables 
(eqs.  10  —  1^ )  can  be  obtained. 

The  denominator  of  eq.  (?)  is  obtained  J.  ratively  by  determining  the 
slope  at  time  t  of  a  graph  of  £nx  +  £n(de'dt)  vs  t.  If  the  graphs  are  plot¬ 
ted  vs  t ^  ,  then  the  slopes  are  multiplied  by  py'  p  in  order  to  convert  to  gas¬ 
time.  As  a  first  approximation  one  uses  the  value  of  x  obtained  by  the 
Blackman  method.  In  this  work  x  was  not  very  temperature  dependent,  nor  did 
the  temperature  vary  much  with  time.  Therefore  the  first  term  in 
-fhx  +  &i(d£/dt)  was  nearly  constant,  and  the  slope  was  not  sensitive  to  the 
initial  choice  of  x.  The  value  of  x  determined  from  eq.  (2)  was  usually  not 
significantly  different  from  the  Blackman  result,  but  it  was  subsequently  used 
as  a  better  approximation  in  the  denominator.  One  iteration  was  sufficient 
in  all  cases. 

One  migrt  expect  that  a  procedure  which  relies  on  measuring  density 
gradients  absolutely  would  be  sensitive  to  exact  measures  of  calibration  fac¬ 
tors  and  of  locating  the  time  origin  and  baseline  precisely.  However,  as 
seen  above,  the  procedure  Is  still  primarily  a  log  plot  vs  time,  and  only 
incidentally  accounts  (but  not  very  sensitively)  for  modest  variation  of  ther¬ 
modynamic  variables,  whose  estimation  depends  not  very  critically  on  an  exact 
assignment  of  the  time  origin  and  of  the  baseline.  Thu^  as  far  as  time  cons¬ 
tants  are  concerned,  one  need  not  be  very  exacting.  However  Apia  sensitive 
to  locating  the  time  origin  exactly  and  here  care  is  indeed  needed.  Proper 
location  of  the  time  origin  involves  determining  the  extent  of  diffraction  of 
the  laser  beam  interacting  with  the  curved  shock  front1?  One  should  also 
correct  for  the  finite  width  of  the  laser  beam1  ,  and  correct  for  no n-unldi- 
mensional  flow  behind  the  shock  front**  .  A  good  guide  to  estimating  the 
extent  of  the  shock  front  curvature  Is  given  by  De  Boer 14 . 
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One  subtle  but  serious  error  that  can  be  made  Is  mentioned  here.  The 
location  of  the  baseline  (i.e.  zero-voltage  modulation)  is  crucial  to  measuring 
density  gradients  accurately  near  equilibrium.  It  is  normally  located  by  ensu¬ 
ring  that  the  oscilloscope  sweep  Is  triggered  somewhat  in  advance  of  shock 
arrival.  However  the  intrinsic  thickness  of  the  baseline,  plus  the  onset  of 
small  signals  due  to  boundary  layer  growth  at  late  times,  and  even  the  noise  on 
the  signal  itself  can  cause  a  profound  error  in  a  near-zero  signal.  An  odd 
x(t)  would  result  from  a  point -by-point  analysis.  In  this  work  the  baseline 
was  systematically  adjusted  by  amounts  imperceptible  to  the  eye.  Fbr  each  case 
x  was  measured  as  a  function  of  time.  The  time  variation  was  attributed  to 
temperature  variation.  Thus  one  oould  measure  t(T)  for  each  experiment.  This 
was  compared  to  the  temperature  dependence  of  x  as  given  by  the  results  of  all 
experiments  analyzed  by  the  Blackman  procedure.  The  baseline  was  adjusted 
until  the  temperature  dependences  coincided.  Such  a  procedure  is  valid  only  if 
one  ascertains  from  measurements  at  earlier  times  (where  the  baseline  does  not 
influence  x)  that  a  singLe  pure  relaxation  time  is  involved.  It  is  felt  that 
this  procedure  fixes  the  baseline  precisely  and  gives  results  which  are  more 
internally  consistent. 

RESULTS 

Fig.  2  shows  the  measured  relaxation  times  for  CH^  in  mixtures  with  argon, 
as  a  function  of  tenperature.  Reproducibility  is  within 2  %•  The  lines  are 
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two-parameter  least  square  fits,  and  are  labelled  with  %  CH4 .  Ethylene  rela¬ 
xes  about  4  times  faster  than  methane  in  the  same  temperature  range  .  The 
associated  increase  in  the  measuring  difficulty  is  reflected  in  the  poorer 
precision,  as  can  be  seen  in  figure  3* 

751  455  296  T/K 


(T/K  )'1/3 

Fig.  3.  Vibrational  relaxation  times  of  pure  C2H/j  *.  O  This  work  ; 

•  McCbubrev17;  X  McGrath  19 ;  A.  Richards  □  Cbrran,  Lambert  et  al  ; 
V  Edmonds*1*  ■  Arnold **•,  +  Nomoto23  .  The  line  is  a  least  squares 
fit  to  the  data  of  this  work. 

In  the  absence  of  the  present  results  it  would  be  very  difficult  to  esses  the 
measurements  of  earlier  workers  who  used  ultrasonic  dispersion  technique^7"**. The 
present  results  confirm  those  of  Lambert4* who  took  care  to  use  relatively  pure 
ethylene  .  The  author  is  not  aware  of  any  shock  tube  results  with  which  to 
aompare  his  results.  One  can  however  aonpare  the  methane  measurements  with 
those  of  Simpson  which  are  also  obtained  by  the  laser  scHLieren  technique . 
Agreement  is  excellent.  Fig.  4  shows  the  results  of  early  workers  using  ultra¬ 
sonic  dispersion***27  *  .  The  latter  are  less  precise  than  those  from  the 

shock  tube  studies,  but  they  agree  on  the  whole  very  well  with  the  present  re¬ 
sults. 

DISCUSSION 

The  precision  of  the  results  in  fig.  2  allows  us  to  sensitively  test  the 
linear  mixture  rule.  Fbr  each  individual  mixture  they  were  fitted  to  straight 
lines;  log  pr  vs  T“l/3.  Fbr  a  given  temperature,  1/pr  was  interpolated 
from  each  mixture  line,  and  plotted  as  a  function  of  mole  fraction  in  fig.  5. 
With  only  5%  measurement  uncertainty,  the  curvatures  observed  are  significant. 
Deviations  from  the  linear  mixture  ride  is  most  pronounced  at  the  highest 
temperatures  and  at  mole  fract ions  <  0.02.  Similar  results  have  recently  been 
observed  fbr  NpO  B|  and  fbr  C-JL-  31 .  Only  one  other  experimental  shock  tube 
study  showed  such  behaviour,  ulanzer  **  used  UV  absorption  of  the  individual 
vibrational  states  of  NO  mixed  with  argpn  at  mole  fractions  as  low  as  0.0006. 
The  very  strong  deviation  at  X™<  0.02  enabled  the  extraction  of  detailed 
rate  constants  in  the  mechanisfirfbr  the  equilibration  of  NO.  In  the  same  way 
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curvature  of  the  present  results  indicate  that  it  might  be  possible  to  extract 
more  information  about  energy  transfer  in  the  Cfy  -  Ar  system.  It  is  not 
likely  though  that  the  present  results  have  much  to  do  with  V-V  processes, 
since  the  laser  schlieren  observations  are  insensitive  to  such  basically  ther¬ 
moneutral  reactions. 

One  need  hardly  emphasize  the  errors  that  are  inherent  in  using  linear 
mixture  rules  at  high  dilutions.  If  one  were  to  extrapolate  the  low  mole 
fraction  end  of  the  curve  at  1371  K  to  =  1  one  would  be  in  error  by  a 

factor  of  15-  Linearly  extrapolating  the  nigh  mole  fraction  end  of  the  curve 
to  X  =  0  would  cause  an  error  of  a  factor  of  2.  However  the  error  oould  be 
substantially  larger  if,  as  in  the  case  of  NO,  even  more  profound  curvature 
were  found  to  exist  at  mole  fractions  less  than  0.005. 

CONCLUSIONS 

It  has  been  demonstrated  that  the  vibrational  relaxation  rates  of  poly¬ 
atomic  molecules  can  be  measured  in  shock  tubes,  especially  if  diluted  by 
inert  gases.  It  has  also  been  demonstrated  that  great  care  should  be  exer¬ 
cised  when  using  linear  mixture  rules  in  chemical  kinetics. 
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Laser  schlieren  technique  has  been  used  to  obtain 
vibrat iona 1 - v ibrat i ona 1  energy  transfer  and  disso¬ 
ciation  rates  in  some  polyatomic  molecules  behind 
incident  shock  waves.  A  series  mechanism  was  post¬ 
ulated  in  the  earlier  studies  to  explain  the  meas¬ 
ured  energy  transfer  rates  in  SO2  obtained  using 
the  ultrasonic  and  laser  induced  fluorescence 
techniques  .XJur  experimental  and  calculated  results 
on  SO2  show'a  double  relaxation  and  energy  trans¬ 
fer  by  a  series  process  at  low  temperatures  and  a 
complex  series-parallel  process  at  higher  temper¬ 
atures.  Our  measurements  of  the  dissociation  rates 
in  S02  -  rare  gas  mixtures  show  that  the  rates  de¬ 
pend  on  the  mixture  composition.  Preliminary  ex¬ 
periments  in  CH^-Ar  mixtures  indicate  single  exp¬ 
onential  relaxation. 

INTRODUCTION 

Intermolecular  and  intramolecular  energy  transfer  studies  in 
polyatomic  molecules  have  been  widely  studied  during  the  past  few 
years.  In  general,  the  intramolecular  vibrat iona 1 -v ibrat i ona 1 
energy  transfer  rates  are  quite  fast  compared  to  the  V-T/R  rates 
such  that  the  vibrational  modes  attain  equilibrium  distribution 
rapidly  resulting  in  the  relaxation  of  energy  by  a  single  V-T  step 
involving  usually  the  lowest  vibrational  mode . However ,  it  has  been 
noticed  in  some  molecules  especially  when  the  energy  of  the  lowest 
vibrational  mode  is  less  than  the  energy  difference  between  it  and 
the  next  higher  mode,  more  than  one  relaxation  step  characterises 
the  process.  SO2  is  one  such  molecule  to  exhibit  such  a  behaviour. 
Several  experimental  techniques  have  been  employed  to  investigate 
it.  These  include  ultrasonics,  laser  induced  fluorescence  and  shock 
waves.  Initial  experimental  studies  were  all  confined  to  low  tem¬ 
peratures.  In  a  molecule  with  several  vibrational  modes  there  are 
several  pathways  for  energy  transfer:  a  parallel  process  where 
energy  passes  from  translational  degrees  to  different  vibrational 
modes  indepedent ly ,  a  series  process  in  which  the  lowest  vibratio¬ 
nal  mode  receives  energy  from  translation  followed  by  V-V  transfer 
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process  and  finally  a  more  complex  series-parallel  process  where  more  than  one 
vibrational  mode  is  involved  in  a  V-T  process  followed  by  faster  V-V  processes, 
Lambert  and  Salter  (1)  required  two  relaxation  times  to  explain  their  ultrasonic 
dispersion  measurements  in  gaseous  SO2*  Shields  and  Anderson  (2)  calculated 
energy  transfer  probabilities  from  ultrasonic  absorption  studies  in  SO2  -  Ar 
mixtures  over  a  temperature  range  300  -  500  K  using  the  series  mechanism. 

Siebert  and  Flynn  (3)  used  the  laser  induced  fluorescence  technique  at  room 
temperature  to  estimate  the  energy  transfer  probabilities  in  S02«  Theoretical 
calculations  of  Dickens  and  Linnett  (4)  at  these  temperatures  are  at  variance 
with  these  experimental  results.  Further,  the  thermal  dissociation  rates  of  SO2 
obtained  by  various  experimental  techniques  differed  considerably.  Hence,  a 
study  of  vibrational  relaxation  and  dissociation  rates  have  been  measured  over  a 
wide  temperature  and  composition  range. 

EXPERIMENTAL 

The  experimental  setup  is  described  elsewhere  (5,6).  The  driver 
section  of  the  shock  tube  was  15.3  cm  ID  and  1.68  m  long  ss  cylindrical  tube 
and  the  low  pressure  section  a  9.85  cm  ID  and  5.72  m  long  honed  ss  cylindrical 
tube.  The  two  tubes  were  joined  together  by  an  intermediate  tapered  ss  section 
which  was  permanently  attached  to  the  high  pressure  section.  The  two  sections 
could  be  locked  together  or  unlocked  by  means  of  a  coupling  device.  The  driven 
section  could  be  evacuated  to  2  X  10"5  torr  by  a  4"  silicone  oil  diffusion 
pump  backed  by  a  roughing  pump.  The  combined  leak  and  degassing  rate  in  the  low 
pressure  section  was  measured  intermittently  and  was  found  to  be  less  than 
5  X  10  4torr/min.  The  driver  section  was  evacuated  by  a  separate  mechanical 
pump.  Shock  waves  were  generated  by  bursting  mylar  sheets  of  0.005"  thickness, 
by  a  pneumatially  operated  mechanical  plunger.  Mixtures  of  H2  +  N2  were  used 
as  the  driver  gas  to  obtain  the  required  variations  in  the  shock  velocity.  The 
shock  speed  was  measured  by  means  of  gold  resistance  thermal  gauges  mounted 
flush  with  the  walls  of  the  shock  tube.  The  rise  time  of  the  thin  film  gauges 
was  found  to  be  about  a  microsecond. 

The  observation  station  i.e.  the  point  where  the  laser  beam  passed 
through  the  shocktube  was  located  5  cm  downstream  of  the  last  thin  film  gauge 
and  3.5  cm  before  the  end  plate.  It  was  ensured  that  there  was  no  interference 
from  the  reflected  shock  wave.  Glass  windows  of  1"  dia.  were  mounted  flush  with 
the  wall  in  plexiglass  adoptors  which  were  cleaned  regularly  with  lens  paper. 

The  6328  A  laser  beam  from  a  0.5  mw  Spectra  Physics  model  156  He  -  Ne  laser 
passed  through  the  shock  tube  normal  to  its  axis  through  these  windows.  The 
laser  beam  emerging  from  the  shock  tube  was  reflected  by  an  aluminum  coated 
surface  of  a  quartz  prism  to  fall  on  a  knife  edge.  The  distance  between  the 
center  of  the  tube  and  the  prism  was  1.35  m  and  that  between  the  prism  and  the 
knife  edge  was  5.5  m.  The  quartz  prism  was  mounted  on  a  platform  which  in  turn 
was  fixed  on  the  shaft  of  a  synchronous  motor.  A  straight  edge  of  a  razor  blade 
was  used  as  a  knife  edge.  It  was  mounted  such  that  it  could  be  moved  smoothly 
in  a  plane  perpendicular  to  the  laser  beam  to  cut  it  along  its  vertical  axis. 

The  light  that  was  not  cut  off  by  the  knife  edge  was  collected  by  a  7  cm  dia. 
lens  and  focussed  onto  a  type  HP  type  5082  -  4203  pin  photodiode.  The  whole 
assembly  was  mounted  on  a  device  which  could  be  moved  in  the  X,Y,and  Z  direct¬ 
ions.  The  diode  could  be  adjusted  very  precisely  to  receive  all  the  light  colle¬ 
cted  by  the  lens.  The  photodiode  output  after  suitable  amplification  was  fed 
directly  to  a  Tek  type  1A5  plugin  amplifier  and  a  Tek  type  549  storage  oscillo¬ 
scope. which  was  operated  in  a  single  sweep  mode  and  externally  triggered  with 
the  signal  from  the  thin  film  gauge  just  ahead  of  the  observation  station.  The 
overall  response  time  of  the  system  was  measured  by  recording  schlieren  signals 
in  argon  which  was  found  to  be  about  0.12  microsecond. 

MATERIALS 

A  GLC  analysis  of  SO-  gas  used  in  the  experiment  showed  the  presence 
of  about  2%  of  combined  O2  ana  N2  as  impurities.  A  purified  sample  of  SO2  by 
repeated  freezing,  evacuation  ana  melting  gave  idential  results  as  the  cylinder 
gas.  Hence,  The  cylinder  gas  was  directly  used  along  with  high  purity  Matheson 
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helium  (99.995%)  and  ultra  high  purity  argon  (99.999%)  from  Indian  Oxygen  LTD. 
CH^  Is  of  Matheson  research  grade  (99,99%)  purity. 

EXPERIMENTAL  RESULTS 

Experiments  were  first  conducted  in  pure  CO2  in  the  temperature 
range  600  -  1600  K.  The  schlleren  trace  yielded  single  exponential  decay  thro¬ 
ughout  the  relaxation  region  without  any  observable  deviation.  The  data  obta¬ 
ined  agreed  quite  well  with  other  laser  schlleren  data  on  CO2  .  This  ensured 
satisfactory  performance  of  the  experimental  setup.  Density  gradient  profiles 
in  incident  shock  waves  were  obtained  in  pure  SO2  in  the  temperature  range 
550  -  1200  K.  It  was  noticed  that  in  a  semilog  plot  of  intensity  versus  time 
the  first  few  points  deviate  from  the  straight  line  drawn  through  the  rest  of 
the  points.  Such  a  behaviour  was  absent  in  the  case  of  CO2  .  The  final  slopes 
of  such  straight  lines  ignoring  the  first  few  points  were  converted  to  vibra¬ 
tional  relaxation  times.  The  relaxation  times  were  plotted  on  Landau  -  Teller 
plots  (  log  PV/vs  T-l/3  )  and  a  least  square  analysis  of  the  data  gave  the 
following  equation. 

P  -  exp  (  -  2.71  +  9.3  T“1/3  ) 


Mixtures  Of  Argon  In  S02 

Relaxation  measurements  were  carried  out  in  mixtures  of  S02  and 
argon  at  different  compositions.  The  density  gradient  profiles  show  the  same 
behaviour  as  in  pure  S02;  the  initial  points  deviate  from  a  straight  line  dra¬ 
wn  through  the  later  points.  In  order  to  obtain  precise  information  about  the 
nature  of  this  deviation,  two  oscilloscopes  were  simultaneously  used  to  obtain 
the  complete  time  history  of  the  decay  of  the  signal  right  from  the  beginning. 
In  the  regular  experiments,  the  earlier  part  of  the  trace  was  off  scale.  For 
this  reasoq,  the  vertical  scale  in  one  of  the  scopes  was  compressed  by  a  factor 
of  five  thus  obtaining  the  total  trace.  On  analysis,  the  trace  obtained  in  11% 
S02  -  Ar  mixture  at  Pj  -  5.0  torr  yielded  two  relaxation  zones,  one  fast  and 
one  slow  with  two  time  constants;*"^  *  0.28  microseconds  and  *■*£  ■  1.04  micro¬ 
seconds.*^  is  more  than  twice  the  time  constant  for  the  system.  However,  no 
effort  was  made  to  analyse  the  faster  process  in  view  of  its  closeness  to  the 
system  constant.  It  may  be  surmised  that  SO2  does  relax  with  two  relaxation 
times  corresponding  to  a  faster  and  a  slower  process. 

An  analysis  of  the  mixture  data  using  the  mixture  rule 


1 _  „  .  X  +  1  -  x 


PT  mix  PT  S02  -  S02  PT  S02-  M 


where  (  PT  )  .  is  the  relaxation  time  at  I  atm  for  the  mixture,  (PT  ) 

SO2-SO2 

is  the  relaxation  time  at  1  atm  for  pure  S02,  (FT  )  is  the  relaxation 

time  at  1  atm  for  SO.  infinitely  diluted  in  the  rare°|asM  and  X  is  the  mole 
fraction  of  S02  in  tne  mixture.  A  least  square  analysis  of  the  data  gave  the 
following  equations  : 


(PT  1 

exp 

(  -  2.96 

SO2-  SO2 

(  pT  1 

exp 

(  -  4.65 
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(  PT  ) 
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Energy  Transfer  Mechanism 


Shields  and  Anderson  analysed  their  ultrasonic  absorption  data  in 
SO-/  Ar  mixtures  using  the  series  mechanism  in  which  the  lowest  vibrational 
mode  of  SO2  is  first  activated  by  a  fast  V  -  T  step  followed  by  the  excitation 
of  the  vi  mode  via  the  2  V2  mode  by  a  slow  V-V  step  which  finally  equilibrates 
with  the  V3 mode  by  a  fast  V-V  energy  transfer  process.  The  results  from  the 
laser  induced  fluorescence  studies  at  room  temperature  were  also  in  agreement 
with  the  above  analysis.  The  present  density  gradients  which  show  double  ex¬ 
ponential  behaviour  confirms  two  relaxation  processes  ;  one  a  fast  and  the 
other  a  slow  process.  However,  these  results  cannot  substantiate  whether  the 
stretching  modes  received  energy  through  a  series,  parallel  or  a  complex 
series/parallel  process?  It  is,  in  fact  impossible  to  distinguish  between  these 
by  measuring  bulk  relaxation  rates. 


It  is  to  resolve  this  difficulty  that  the  various  energy  transfer 
probabilities  have  been  estimated  using  the  SSH-Tranczos  theory  in  the  tempe¬ 
rature  range  300  -  2000  K  (7).  In  the  following,  the  notation  (a,b)  re¬ 

presents  the  probability  that  the  quantum  state  of  mode  a  is  changed  from 
i  to  j  while  that  of  b  is  changed  from  k  to  1  in  a  collision  and  states  a,  b 
and  c  refer  to  the  V2  ,  vi  ,  V3  modes  respectively.  The  results  are  shown  in 
fig.l.  It  can  be  seen  that  at  low  temperatures,  p*°  (a,b)  and  p!0  ^  ,  alone 
are  significant  suggesting  that  at  these  temperatures,  the  energy  relaxes 
via  the  series  process  2  V2  -*•  vi  while  v2  is  activated  by  a  V  -  T  process.  All 
this  is  in  agreement  with  the  experimental  predictions.  However,  at  and  above 
1000  X,  p  10  £bta)  attains  values  equal  to  and  /  or  larger  than  p2°  while 

the  value°Jf  p 10(b)  also  rises  rapidly  suggesting  that  at  high  temperatures  a 
complex  series/parallel  mechanism  may  dominate  over  a  single  step  i.e.  both 
v2  and  vj  are  activated  by  V  -  T  processes. 


Dissociation  rates  of  SO2  in  SO-  +  Ar  mixtures  at  different  com¬ 
positions  were  measured  behind  incident  shock  waves  over  a  temperature  range 
of  4000  -  6000  K  at  initial  pressures  of  1.0  to  2,5  torr.  The  recorded  signals 
exhibited  two  exponentials,  a  faster  one  due  to  vibrational  relaxation  and  a 
slower  one  due  to  dissociation.  The  density  gradient  at  the  point  of  intersec¬ 
tion  of  these  two  exponentials  was  used  to  obtain  the  initial  dissociation 
rates.  A  least  squares  analysis  of  the  data  gave  the  following  emperical  rela¬ 


tions. 


k 


SO  2  -  Ar 


3.34  X  10*5  exp  (  -  k  cal/mole)  cinV  mole  sec. 


k 

so2 


S0„ 


5.02  X  1014 


exp  (  - 


k  cal/mole)  cm^ /mole. sec. 

R  T 


which  demonstrate  a  strong  dependence  of  the  rate  on  the  composition. 

Vibrational  relaxation  times  of  CH^  in  CH  -  Ar  mixtures  have  been 
measured  at  various  compositions  over  a  temperature  range  600  -  2000  K  at 
initial  pressures  1.0  to  2.5  torr.  The  schlieren  signals  exhibited  single  ex¬ 
ponential  behaviour  till  around  1800  X  and  a  double  exponential  behaviour  above 
this  temperature.  The  double  exponential  behaviour  above  1800  X  is  supposed  to 
be  due  to  appreciable  amount  of  dissociation  of  CH  at  these  temperatures.  A 
typical  schlieren  signal  and  its  semilog  plot  are  ^ shown  in  fig. 2.  Similar  to 
all  schlieren  slrnals,  it  sb  vs  a  sharp  positive  spike  due  to  the  shock  front 
arrival  at  the  o>  -«rvatlor  -at ion  followed  by  a  slow  decrease.  The  signals 
exhibited  a  single  e»  'on  :lal  behaviour  till  about  1800  X  which  is  supposed 
to  be  due  to  vibrational  relaxation  in  methane.  The  slopes  of  these  lines 
were  measured.  The  inverse  of  these  slopes  are  the  vibrational  relaxation 
times  in  the  laboratory  time  scale.  The  experiments  are  under  progress  and  the 
data  will  be  published  on  completion. 


Tyaga  Raju  et  ai. 


Fig.  2  -(a)  A  typical  schlieren  signal  in  CH4-Ar  mixture. 

CH4  =  l%,Pjnjtia|  =  1  torr ,U1  =  108808-52 cm  s"1,  T2=1201°K 
(b)  Semi  log  Plot  of  the  schlieren  signal. 
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ABSTRACT 


Radiative  combination  of  atomic  oxygen  and  carbon 
monoxide  ' 


CO  +  0  -*■  CO2  +  hv 


has  been  investigated  at,  temperatures  in  the 
vicinity  of  3000  K.  The  absolute  spectral 
intensity  of  the  chemiluminescegce  continuum  was 
measured  between  2400  and  7000  A.<rAn  overall 
photon  production  rate  coefficient's^ 

IQ  =  4(±.4)  x  1  05  cm3  mole-^  sec“1 
was  obtained  in  the  presence  of  argon.  Combined 
with  room  temperature  data  our  results  yield  a 
rate  coefficient  IQ  *  6.0  x  10^  exp(-1280/T) 
cm3  mole“1  sec~1  in  the  temperature  range 
300  to  3000  K.  The  influence  of  selected  third 
bodies  upon  the  chemiluminescence  was  also 
investigated. 


\ 


INTRODUCTION 

Chemiluminescence  from  the  radiative  combination  of  atomic 
oxygen  and  carbon  monoxide 

CO  +  0  -*■  C02  +  hv  ,  (3) 

is  often  observed  in  the  spectra  of  flames  (Refs  1  and  2)  and 
has  been  used  as  a  diagnostic  to  measure  the  atomic  oxygen 
concentration  in  combustion  processes  (Refs  3  and  4).  High 
temperature  rate  coefficient  measurements  of  this 
chemiluminescent  reaction  exhibit  considerable  scatter  (Ref.  5) 
and  no  study  has  been  conducted  on  the  influence  of  third  bodies 
at  elevated  temperatures.  The  objective  of  the  present 
investigation  was  to  measure  the  rate  coefficient  and  spectral 
distribution  for  Reaction  1  at  temperatures  around  3000  K  and  to 
determine  the  influence  of  selected  third  bodies. 


The  emission  intensity  I  from  Reaction  1  has  been  observed 
(Ref.  5)  to  follow  the  second  order  dependence 

Sic 
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I  =  IG  [COJ  [0] 

(2) 

which  is  compatible  with  the  following  mechanism 

CO  +  0  +  M  -*■  CO2*  +  M 

(3) 

CO2*  -*■  CO2  +  hv 

(4) 

CO2*  +  M  -*•  C02  +  M 

(5) 

A  steady-state  analysis  yields 

I  =  k3  k4  ICO]  [0]  [M]/(k4  +  k5  [M]> 

(6) 

and  tor  k3  [M]  »  k4  this  gives 

I0  =  k3  k4  [CO]  [0]/k5 

(7) 

which  leads  directly  to  Ea.  2  with  IQ  =  k3  k4/k3 
units  of  cm^  mole*'  sec"'.  Note  that  while  the 
is  independent  of  the  concentration  of  the  third 
partner  M,  it  has  been  observed  to  depend  on  the 
third  body  (argon,  oxygen  and  nitrogen). 

in 

intensity 
body  collision 
nature  of  the 

EXPERIMENTAL  TECHNIQUE 


Mixtures  of  CO  -  N2O  -  argon  were  heated  behind 
reflected  shock  waves  in  a  conventional  3.81  cm  i.d.  stainless 
steel  shock  tube,  which  has  been  previously  described  (Refs.  6 
and  7).  Upon  shock  heating  the  N2O  rapidly  dissociates  to 
yield  0  atoms.  Our  approach  was  to  measure  the  spectral 
distribution  of  the  absolute  intensity  (A^)  from  Reaction  1 , 
which  when  converted  to  a  spectral  rate  and  integrated  yields 
the  total  photon  production  rate  coefficient  (IQ). 

Experimental  conditions  in  the  reflected  shock  region  were 
typically  3000  K  at  a  pressure  of  3  atm;  3000  K  was  selected  to 
facilitate  comparison  with  previous  data. 

The  CO  was  99.997<>  pure,  the  argon  diluent  was  99.9997*  pure 
and  the  nitrous  oxide  was  99.99%  pure.  Gases  were  supplied  by 
Matheson  and  used  without  further  purification.  Details  of  the 
gas  handling,  shock  velocity  measurement,  and  experimental 
procedures  have  been  described  previously  (Ref.  6). 

Absolute  spectral  intensity  ( A^)  of  the  ghemi luminescence 
continuum  was  measured  between  2400  and  700Q  A,  using  narrow 
band  interference  filters  (bandwidth  ~100  A)  and  an  EMR  547 
E-05M-14  photomultiplier  whose  cathode  quantum  efficiency  was 
calibrated  against  NBS  standards.  An  oscillogram  of  emission  at 
3000  A  is  shown  in  Fig.  1 .  The  radiating  volume  was 
carefully  defined  by  a  series  of  apertures  and  baffles. 
Concentrations  of  the  shock  heated  CO  and  0  were  computed  from 
the  measured  incident  shock  velocity  and  initial  mole  fractions 
of  CO  and  N2O.  It  is  tempting  to  assume  that  the  N2O 
dissociates  completely  and  rapidly  to  N2  and  0,  and  to  equate 
the  initial  0  atom  concentration  with  trie  initial  shock  heated 
N2O  concentration.  However,  that  assumption  overpredicts  the 
0  atom  concentration  and  would  result  in  an  underprediction  of 
ky  We  computed  the  time  dependent  0  atom  concentration  in 
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Figure  1 .  Sample  CO  +  0  Chemiluminescence  Intensity  and 
Pressure  Records 

CO-^O-argon  mixtures  using  an  8  reaction  model  of  N2O 
dissociation  (see  Table  1),  together  with  the  standard  CO/O2 
reactions.  From  the  measured  intensity,  the  known  radiating 
volume  and  the  computed  reactant  concentrations,  the  absolute 
spectral  intensity  per  unit  volume  per  unit  concentration  of  0 
and  CO  was  obtained. 


TABLE  1  Nitrous  Oxide  Decomposition  Mechanism 


Reaction 

Rate  Coefficient3 

Source 

N2O+M  =  N2+O+M 
N2O+O  -  NO+NO 
N2O+O  m  N0+O2 

O2+M  =  0+O+M 

N2+0  =  NO+N 

N0+0  -  N+O2 

NO+O2  “  NO2+O 
NO2+M  *  NO+O+M 

5x10^exp(-29000/T) 

4. 1  xl  0 ' 3exp(-1 2350/T) 

4.4x1 0]3exp(-12350/T) 

1 .8x10  8T-1exp(_59380/T) 

7.6x1 0j3exp(-38000/T) 

1 ,5x109Texp(-19500/T) 

1 . 7x1 0] £exp (-23400/T 

1 .IxIOi&expC-SSOOO/T) 

Ref.  19 
Ref.  20 
Ref.  20 
Ref.  5 
Ref.  19 
Ref.  19 
Ref.  19 
Ref.  19 

a  Units;  cm3  mole' 

sec-^ 

The  majority  of  experiments  were  conducted  with  a  mixture 
of  1  7  mole%  CO  and  3.0  mole%  N2O  in  an  argon  diluent.  The 
influence  of  N2  was  investigated  by  working  in  a  nitrogen 
diluent;  other  gas  influences  were  investigated  by  addition  to 
the  argon  diluent. 

A  basic  test  of  the  relationship  in  Eq.  2  was  condugted  at 
temperatures  close  to  3000  K  and  at  a  wavelength  of  3000  A. 

The  results  in  Fig.  2  clearly  demonstrate  that  the  intensity  is 
proportional  to  the  product  of  0  and  CO  concentrations  for  our 
experimental  conditions. 
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Figure  2.  Experimental  Confirmation  of  the  Relationship 
l~LO]xLCO] 


AX*106, 
W  w'1  A  1 
mol«2  cm  3 


Figure  3.  Absolute  bpectral  Intensity  Distribution  from  C0+0 
Chemiluminescence  Measured  at  3000  K  in  an  Argon  Diluent 
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RESULTS 

Our  measurements  at  3000  K  of  tjje  absolute  spectral 
intensity  k\  between  2400  and  7000  A  are  shown0in  Fig.  3. 

The  intensity  was  observed  to  peak  about  3300  A,  and  decays 
more  rapidly  at  lower  wavelengths  than  it  does  at  longer 
wavelengths,  based  on  the  recombination  energy, Qno 
chemiluminescence  would  be  expected  below  2260  A. 

The  k\  data  in  Fig.  3  was  converted  to  spectrally  dependent 
rate  coefficients  for  Reaction  1 ;  integration  yields  a  total 
rate  coefficient  for  Reaction  1  of 

IQ  *  4(±  .4)  x  105  cm-*  mole  sec'^  (8) 

at  3000  K  in  the  presence  of  argon. 

The  influence  of0other  diluents  (or  additives)  on  k\  was 
investigated  at  3000  A.  Changing  from  an  argon  to  a 
nitrogen  diluent  had  no  effect  on  k\.  Similarly  ,  the  addition 
of  CO2  in  percentages  up  to  1 07„  had  a  negligible  influence  on 
A^ .  In  marked  contrast,  the  addition  of  H2,  in  mole 
percentages  ranging  from  0.1  to  5,  caused  a  reduction  in  the 
observed  intensity  (e.g.  a  50%  decrease  in  intensity  for  0.5% 
H2).  This  influence  of  Ho  is  attributed  to  the  competing  and 
conflicting  effects  of  (T)  0  atom  removal  by  reactions  with 
h2.  (2)  possible  quenching  of  the  chemiluminescence  by 
hydrogenous  species,  and  (3)  thermal  emission  of  OH  in  the  3064 
4  band.  Measurements  at  wavelengths  other  than  the  3000 
A  band  filter  could  eliminate  the  last  concern,  but 
decoupling  the  first  two  effects  would  require  analysis  beyond 
the  scope  of  the  present  investigation. 

DISCUSSION 

Earlier  work  on  CO  +  0  chemiluminescence  is  discussed  and 
compared  with  the  current  results. 

Rate  Coefficients 


The  rate  coefficient  IQ  and  its  temperature  dependence 
have  been  investigated  in  discharge  flow  experiments,  in  a  flow 
discharge  shock  tube,  in  a  shock  tube,  in  a  stirred  discharge 
flow  study,  in  a  flame,  and  in  a  reaction  vessel.  Fig.  4 
presents  an  Arrhenius  plot  of  these  IQ  measurements. 

Clyne  and  Thrush  (Refs.  8  and  9)  measured  IQ  in  a 
discharge  flow  tube  between  200  and  300  K.  The  proportionality 
of  Eq.  2  was  established,  and  Ig  was  found  to  be  dependent  on 
the  nature  of  the  third  body  M  (see  Table  2),  but  independent  of 
the  pressure  of  the  third  body. 

Hartunian  et  al.  (Ref.  10)  employed  a  flow  discharge  shock 
tube  to  measure  the  ratio  of  chemiluminescent  intensities  across 
a  weak  shock  in  a  CO/O2  mixture  and  obtained  I0  -  10®  exp 
(-1260/T)  cm’  mole”'  sec"'  between  350  and  1600  K.  This 
rate  coefficient  is  based  on  a  ratio  involving  ID  from  Clyne 
and  Thrush,  and  is  therefore  dependent  on  the  accuracy  of  their 
data. 
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Figure  4.  Rate  Coefficents  for  the  Reaction  CCH-0  ■*  C02+hv 
in  an  Argon  Diluent  (References  cited  in  text). 

Meyers  and  Bartle  (Ref.  11)  made  absolute  spectral  inten¬ 
sity  measurements  from  shock  heated  0,  CO  and  argon  mixtures  at 
pressures  between  0.5  and  1.0  atm  and  at  temperatures  of  2679 
and  2943  K.  They  used  shock  heated  ozone  as  the  source  of  0 
atoms.  The  spectral  intensity  at  2943  K  was  reduced  to  a  rate 
constant  of  3. 80x1 03  cm^  mole"’  sec-^  in  the  presence  of 
argon;  at  2679  K  a  rate  constant  of  3. 83x1 0$  may  be  obtained. 

In  a  stirred  discharge  flow  reactor  at  temperatures  between 
300  and  530  K,  Mahan  and  Solo  (Ref.  12)  investigated  radiative 
recombination  and  also  the  overall  rate  of  recombination  of  CO 
and  0  to  form  C02*  Their  rate  coefficient  for  Reaction  1 , 

IQ  *  1.4  x  10’’  exp  (-4790/T)  has  an  activation  energy 

which  is  incompatibly  high  with  respect  to  all  other  data. 

Kaskan  (Kef.  13)  investigated  CO  +  0  chemiluminescence  in 
prernixed  C0/H2/air  and  C02/Ho/air  flames.  In  the 
temperature  range  1 500  to  1900  K,  Kaskan  estimates  a  rate 
constant  of  1.63  x  10^  cm3  mole"'  sec"',  which  is  low 
compared  to  the  results  of  Hartunian  et  al. 

Pravilov  et  al  (Ref.  14)  measured  Ig  at  293  K,  using  a 
reaction  vessel  into  which  mixtures  of  CO,  0  and  He  were 
introduced,  and  obtained  1.5  x  1  03  cm3  mole"'  sec"'  in 
excess  helium.  This  is  low  compared  to  the  results  of  Clyne  and 
Thrush  (Kef.  8)  at  the  same  temperature. 
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Our  own  measurements  are  in  good  agreement  with  the  early 
work  of  Meyers  and  Bartle,  and  with  the  results  of  Hartunian  et 
al.  (.see  Fig.  4).  Combining  our  measurements  (Eq.  8)  with  these 
high  temperature  results  and  the  room  temperature  data  of 
Clyne  and  Thrush,  we  obtain  the  following  rate  coefficient 

IQ  =  6.0  x  1  05  exp  (-1280/T)  cm3  mole-^  sec  “1  (9) 

for  Reaction  1  in  the  presence  of  argon,  and  over  the 
temperature  range  300  to  3000  K. 

Spectral  Distribution 


In  systems  containing  0  and  CO,  the  accompanying  radiation 
from  2500  to  7000  A  appears  in  low  resolution  as  a 
continuous  background  or  continuum.  At  high  resolution,  the 
continuous  background  has  been  resolved  (Ref.  15)  into  a  dense 
rotational  fine  structure  having  no  underlying  continuum. 

Meyers  and  Bartle  (Ref.  11)  measured  the  absolute  spectral 
intengity  A^  in  low  resolution  (  ~200  A)  between  2500  and 
7986  A,  at  two  temperatures,  2679  and  2943  K.  The  intensity 
does  not  exhibit  a  discernible  temperature  dependence  over  the 
small  temperature  interval  of  the  two  sets  of  data.  A 
comparison  in  Fig.  5  shows  the  good  agreement  between  our 
present  data  and  the  earlier  work  of  Meyers  and  Bartle. 


Figure  5.  Absolute  Intensity  Distribution  for  CO  +  0 
Chemiluminescence;  Comparison  of  Present  Work  and  Data  of 
Meyers  and  Bartle  (Ref.  11). 
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Vanpee  et  al.  (Kef.  16)  have  measured  spectral  intensities 
from  a  CO/H2/O2  flame  and  their  data,  while  in  relative, 
rather  than  absolute  units,  confirms  the  spectral  distributions 
in  Figs.  3  and  5. 

Pravilov  et  al.  have  measured  the  chemiluminescence 
spectrum  for  CO  +  0  combination  at  room  temperature  (293  K)  in 
an  He  diluent  (Ref.  14).  Comparison  with  Fig.  3  shows  that  at 
room  temperature  the  peak  inten§ity  is  two  orders  of  magnitude 
lower  and  is  shifted  about  800  A  toward  the  red. 

Diluent  and  Additive  Effects 


The  influence  of  different  diluents  upon  the 
chemiluminescence  has  been  the  subject  of  only  two  previous 
investigations  at  room  temperature,  which  produced  conflicting 
results  (see  Table  2).  Clyne  and  Thrush  (Ref.  8)  found  that 
IQ  increased  in  the  presence  of  N2  and  O2  .relative  to  Ar; 

10  decreased  in  the  presence  of  He  and  Ne.  Pravilov  et  al. 
(Kef.  17)  found  IQ  independent  of  diluents  (He,  Ar  and  N2) . 


TABLE  2  Third  Body/Diluent  Influences 


Kate 

Coefficient  (cm3 

mole'l  sec“^) 

Diluent 

Present  Work 
(T  =3000K) 

Clyne  &  Thrush 
(T  =  293K) 

Pravilov 
(T  =  293K) 

Argon 

N2 

°2 

C02 

4x1  Of 

4x1  03 

4x1  03 

8x1 03  „ 

11 .2x1 03 

1 2.0x1 03 

1  .  5x1  03 

1  . 5x1 03 

0.5x1 03* 

*  Pq2  “  1 .0  Torr. 


£n  the  present  investigation  at  3000  K  we  found  that  A^  at 
3000  A  was  the  same  for  N2  and  argon  diluents;  the 
addition  of  CO2  and  small  mole  fractions  of  H2O  to  the  argon 
diluent  also  had  no  effect  on  Our  and  argon  diluent 

data  is  in  agreement  with  the  observations  of  Pravilov  et  al. 
(Kef.  17). 

A  systematic  qualitative  study  of  the  influence  of  added 
H2  on  cO/air  and  CO/O2  flame  emission  was  conducted  by 
Weston  (Kef.  1)  Hydrogen  was  observed  to  reduce  the 
chemiluminescence  continuum  as  recorded  on  spectral  plates 
between  2500  and  6000  A.  These  results  are  consistent  with 
the  present  observations  of  the  influence  of  H2,  and  an 
investigation  by  Gaydon  (Ref.  18).  In  all  cases  analysis  is 
required  to  decouple  the  influence  of  0  atom  removal  by 
reactions  with  H2,  and  the  possible  influence  of  quenching  by 
hydrogenous  species.  Note  that  Weston  also  studied  the 
influence  of  gaseous  H2O  on  CO/O2  flame  emission  and  found 
that  H2O,  like  H2.  markedly  reduced  the  observed  CO  +  0 
chemi luminescence . 

CONCLUSIONS 

A  rate  coefficient  for  the  radiative  combination  of  carbon 
monoxide  and  oxy6en  atoms  (Reaction  1 )  has  been  measured  at 
3000  K  in  an  excess  of  argon  or  nitrogen  and  the  results  (Eq.  8) 
are  in  good  agreement  with  earlier  measurements  by  Meyers  and 
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and  Bar tie  (Ref.  11).  Serious  differences  remain  between  room 
temperature  rate  coefficients,  both  with  respect  to  magnitude 
and  influence  of  diluents. 
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GAS  MIXTURES.  9.  MEASUREMENTS  OF  0  ATOMS  IN  OXIDATION  OF  H?  AND  D? 

KRISHNA  M.  PAMIDIMUKKALA  and  GORDON  B.  SKINNER 
Department  of  Chemistry,  Wright  State  University 
Dayton,  Ohio  45*135,  U.S.A. 

Resonance  absorption  spectroscopy  has  been  used  to 
measure  oxygen  atom  concentrations  in  shock  heated  H  -0_- 
Ar  and  D  -0_-Ar  mixtures.  Rich,  lean  and  stoichiometric 
compositions  have  been  studied  in  the  temperature  range 
1000  -  2500  K.  Under  all  conditions  studied,  the  hydro¬ 
gen-oxygen  reaction  could  be  adequately  described  by  a 
small  number  of  elementary  reactions,  and  the  rate  con¬ 
stants  could  be  deduced  for  several  of  them.  ijFrom  data  on 
rich  and  stoichiometric  mixtures  we  found,  (units  of  mole-1 
cm3  s-1  for  reaction  3  and  mol e~d  on r  a-'  for  reaction  5) 


H  +  02  -•>  OH  +  0 

k3  =  1.2E14  exp(-67.4kJ/RT) 

H  +  02  +  Ar  -»■  H02  +  Ar 

^  =  4.5E14  exp(4.2kJ/RT) 

D  +  0?  0D  +  0 

k3D  =  5.8E13  exp ( -62 . 8k J /RT ) 

D  +  0^  +  Ar  -*■  D02  +  Ar 

kgj,  =  2.2E14  exp(4.2kJ/RT) 

The  kinetic  isotope  effect  for  reaction  3  was  found 
to  be  1.4  at  1500K,  while  that  for  reaction  5  was  2.0  in 
the  1000-1200K  range.  Both  of  these  values  are  smaller 
than  those  found  earlier  from  H  and  D  measurements.  Data 
from  very  lean  H  -0--Ar  and  D2-02-Ar  mixtures  are  .consis¬ 
tent  with  the  raw  coefficients  (units  of  mole-1  cm3  s-1). 

0  +  H2+  OH  ♦  H  k^  =  4.2E14  exp(-57.5kJ/RT) 

0  +  D2  -*■  0D  ♦  D  k4D  =  1.9E14  exp(-59.6kJ/RT) 

which  are  close  to  values  that  we  have  determined  from  0 
atom  measurements  in  N_0-H?-Ar  and  N.O-D.-Ar  mixtures. 

The  isotope  effect  for  reaction  4  frdta  tne  above  equa¬ 
tions  is  2.6  at  1500K,  compared  to  1.7  from  our  N20  ex¬ 
periments. 

INTRODUCTION 

Over  the  past  few  years  there  has  been  growing  interest  in  measuring  atom 
concentrations  in  reacting  gas  mixtures  in  shock  tube  experiments.  Measure¬ 
ments  of  H  and  D  atom  concentrations  in  the  wljlation  of  H_  and  D.  have  been 
reported  from  this  laboratory1  and  elsewhere2’  ,  but  there  have  been  no  ex¬ 
perimental  data  available  on  the  measurement  of  0  atoms  in  these  reactions. 
The  present  work  has  the  aim  of  measuring  0  atom  concentrations  in  the  oxida- 
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tion  of  Hg  and  by  CL ,  evaluating  rate  constants  of  some  of  the  elementary 
reactions  involved,  arw  comparing  the  results  with  those  obtained  from  H  and  D 
measurements. 


EXPERIMENTAL 


All  the  data  were  obtained  using  a  7.6  cm  diameter  stainless  steel  shock 
tube  which  has  been  described  elsewhere  .  The  resonance  absorption  specto- 
metric  technique  was  used  for  measuring  0  atom  concentrations.  The  source  of 
radiation  was  a  microwave  discharge  lamp  (source  B),  the  construction  details 
of  which  are  given  in  Ref.  5.  In  all  experiments  the  operational  conditions 
of  the  discharge  lamp  were  maintained  constant:  2.5  torr  lamp  gas  pressure, 
gas  concentration  0.1$  0.  in  He,  and  40  watts  miegowave  power.  The  discharge 
lamp  was  calibrated  for  analysis  of  oxygen  atoms0  by  a  procedure  similar  to 
that  used  for  H  and  D1.  Typical  calibration  curves  for  two  temperatures  are 
given  in  Fig.  1. 


Fig.  1.  Calibration  curves  for 
analysis  of  oxygen  atoms  obtained 
from  line  shape  measurements. 


Fig.  2.  Transmitted  intensity,  as 
attenuated  by  oxygen  atoms  in  shock 
tube,  as  a  function  of  time  for  mix 
ture  la  at  1116  K  and  2.36  atm. 


Oxygen  atom  concentrations  were  measured  behind  reflected  shock  waves  at 
a  distance  of  2  cm  from  the  end  plate,  close  enough  so  that  side  wall  effects 
were  minimal.  Test  times  varied  from  200  to  2000  microseconds.  In  each 
experiment  the  pressure  and  the  intensity  of  the  lanp,  as  attenuated  by  oxygen 
atoms  in  the  shock  tube,  were  recorded  as  a  function  of  time  on  a  digital 
storage  oscilloscope  and  then  transferred  to  a  strip  chart  recorder.  The  atom 
concentrations  were  then  evaluated  from  the  oscillograms  using  calibration 
curves.  Representative  pressure  and  intensity  traces  are  given  in  Fig.  2. 


MATERIALS 

For  making  up  sample  gas  mixtures  we  used  Airco  Research  grade  argon 
having  total  hydrocarbon,  hydrogen  and  oxygen  Impurities  less  than  2  ppm. 
Matheson  ultra  high  purity  hydrogen  (99.999$)  and  oxygen  (99.99$)  were  used, 
each  containing  less  than  1  ppm  hydrocarbons.  Deuterium  was  also  from 
Matheson,  99.5  atom  $  pure.  For  driver  gas  we  used  Airco  helium  (99.995$)  and 
argon  (99.999$)  while  for  the  discharge  lamp  gas  we  used  Airco  Grade  5  helium 
(99.999$)  and  the  0.  listed  above.  No  further  purification  of  the  gases  was 
attempted  except  for  making  mixture  1(a)  in  which  the  argon  was  further 
purified  by  allowing  it  to  pass  through  a  trap  containing  4A  and  4B  type 
molecular  sieves  cooled  to  dry  ice  temperature.  The  molecular  sieves  were 
expected  to  remove  remaining  hydrocarbon  and  water  impurities.  In  this  case 
the  gas  samples  were  introduced  into  the  shock  tube  via  a  hole  (2  am  dia) 
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drilled  at  an  angle  through  the  end  plug  in  such  a  way  that  the  hole  was  very 
close  to  the  shock  tube  wall  and  did  not  affect  the  gas  dynamics  appreciably. 
In  all  other  experiments  the  gas  samples  were  introduced  hear  the  diaphragm. 

RESULTS 

The  gas  mixtures  studied  and  the  individual  experimental  details  for 
each  mixture  are  listed  in  Tables  1  and  2  for  H.-O^  and  D2~02,  respectively. 
As  expected  for  H„  and  D_  oxidation  reactions,  It  was  found  that  the  0  atom 
concentrations  iiwrease<r  exponentially  with  time  after  a  short  initial 
period.  The  temperature  range  studied  for  each  mixture  was  limited  at  the 
lower  end  by  the  detection  limit.  At  the  lowest  temperatures  there  was  about 
a  15%  decrease  of  intensity  over  the  total  test  time  of  2000  y  s. 

The  logarithms  of  the  oxygen  atom  concentrations  were  plotted  against 
time,  and  the  slope,  dln[0]/dt,  was  calculated  for  each  experiment.  In  many 
experiments,  the  first  two  points,  at  the  shortest  times,  fell  below  the 
experimental  curve,  but  not  enough  detail  was  observable  to  show  how  the 
exponential  curve  was  approached.  A  representative  plot  of  In  [0]  vs.  time 
is  shown  in  Fig.  3.  All  experiments  displayed  essentially  the  same  features. 
In  Tables  1  and  2  we  have  listed  the  slope,  k^  and  [  0]  extrapolated  to  zero 
time  for  each  experiment  for  H2-0,,-Ar  and  D2-02-Ar  mixtures. 


DISCUSSION 


Figure  3.  Measured  0  atom  concentrations 
for  mixture  of  1 %  H  ,  0.5K  0  in  argon  at 
1116  K,  2.36  atm.  total  pressure.  0,  mea¬ 
sured  concentrations;  — Line  drawn  through 
data  to  obtain  slope  of  graph;  — ,  curve 
calculated  using  the  data  of  Table  3. 


Previous  measurements  on  H  and  D  have  indicated  that  a  kinetic  mechanism 
consisting  of  reactions  1-5  provides  an  adequate  description  of  the  hydrogen- 
oxygen  chemistry  under  our  experimental  conditions. 


H2  ♦  02  +  20H  ( 1 ) 

-*■  H  +  H02  (la) 

OH  +  h2  +  h2°  ♦  H  (2) 

H  +  02  OH  +  0  (3) 

0  ♦  Hg  -►  OH  ♦  H  (4) 

H  +  02  ♦  Ar  ♦  H02  ♦  Ar  (5) 


There  is  still  uncertainty  about  the  relative  importance  of  the  -reac¬ 
tions  (1)  and  (la).  It  was  pointed,  out  by  Jachimowski  and  Houghton'  and 
confirmed  by  our  H  and  D  measurements1  that  it  is  hard  to  distinguish  between 
these  two  reactions  experimentally  because  they  lead  to  the  same  kinetic 
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Table  1.  Experimental  Data  and  Calculations  for  Formation  of  Oxygen  Atoms 
in  H^-O^-Ar  Mixtures. 


Temp. , 

K 

Press. , 
Atm 

Expt. 

Slop^,* 

s” 

[0] 

as  t  +  0. 
mole  cm”J 

ExDt.  SloDe 
Calc.  Slope 

k. ,Calc 
-1 

mole  cm' 

Mixture 

i  i*  h2,  0 

.5%  02 

1012 

2.18 

8.90E03 

8.4E-14 

1.25 

2.9E05 

1018 

2.41 

6.99E03 

1.6E-13 

0.86 

5.2E05 

1036 

2.38 

9.75E03 

4. IE-14 

1.05 

1.6E05 

1061 

2.21 

1.09E04 

3.9E-14 

1.01 

1.9E05 

1061 

2.32 

1.03E04 

5.7E-14 

0.96 

2.6E05 

1074 

2.31 

1.23E04 

4.4E-14 

1.02 

2.3E05 

1097 

2.34 

1.22E04 

7.5E-14 

0.86 

4.4E05 

1135 

2.31 

1.55E04 

8.0E-14 

0.88 

6.1E05 

1298 

2.27 

3.15E04 

1.5E-14 

0.86 

2.9E05 

1325 

2.19 

3.10E04 

1.9E-14 

0.75 

4.3E05 

Mixture 

la.  1*  H2, 

0.5f  02 

1056 

2.19 

9.21E03 

6.8E-14 

0.94 

3.2E05 

1075 

2.59 

1.06E04 

8.3E-14 

0.80 

3.8E05 

1112 

2.37 

1.28E04 

5.2E-14 

0.86 

3.3E05 

1116 

2.36 

1.38E04 

4.3E-14 

0.91 

2.8E05 

1200 

2.28 

2.14E04 

2.9E-14 

1.02 

3.3E05 

1216 

1.93 

1.88E04 

6.0E-14 

0.88 

8.8E05 

1245 

2.13 

2.56E04 

1.6B-14 

0.81 

2.5E05 

1275 

1.81 

3.49E04 

7.9E-15 

1.10 

1.7E05 

1342 

1.68 

2.80E04 

1.4E-14 

0.85 

4.4E05 

1438 

1.48 

3.87E04 

2.7E-14 

1.08 

1.4E06 

1515 

1.36 

3.81E04 

1.4E-14 

0.90 

1.1E06 

Mixture 

2.  2%  H2,  0 

•  2%  02 

1031 

2.33 

5.34E03 

1.3E-14 

1.20 

1.2B05 

1057 

2.37 

6.31E03 

8.5E-14 

1.20 

9.4E05 

1081 

2.48 

6.92E03 

1. IE-14 

1.10 

1.4E05 

1110 

2.35 

8.19E03 

1.3E-14 

1.25 

2.1E05 

1203 

2.00 

1.38E04 

7.4E-15 

1.10 

2.4E05 

1277 

2.36 

2.03E04 

2.8E-15 

1.04 

1.1E05 

1322 

2.18 

2.14E04 

3.7E-15 

0.99 

2.1E05 

1410 

2.05 

2.28E04 

1.7E-15 

0.89 

1.5E05 

1429 

2.21 

1.75E04 

5.2E-15 

0.99 

4.6E05 

Average  ratio  for  mixtures  1,  la 

and  2 

0.96 

Mixture 

3.  50  ppm  H2,  5000  ppm  02 

1287 

2.29 

2.58E03 

1.4E-12 

0.91 

2.5E07 

1389 

2.17 

3.86E03 

1. IE-12 

1.12 

3.3E07 

1488 

2.14 

3.81E03 

2.0E-12 

0.93 

9.2E07 

1539 

2.16 

4.25E03 

2.4E-12 

0.95 

1.3E08 

1593 

2.07 

4.25E03 

2.3E-12 

0.91 

1.6E08 

1637 

1.95 

5.57E03 

1.5E-12 

1.18 

1.3E08 

1710 

2.30 

7.80E03 

8.8E-13 

1.29 

7.9E08 

1956 

1.96 

7.24E03 

2.  IE-12 

1.15 

4.2E08 

Average  ratio  for  mixture  3 

1.04 

slope  is  dln[0]/dt. 
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Table  2.  Experimental  Data  and  Calculations  for  Formation  of  Oxygen  Atoms 
D^-Oj-Ar  Mixtures. 


Temp. , 

K 

Press. , 
Atm 

Expt. 

Slop^,* 

s 

[0] 

as  t  +  0 
mole  cm”'3 

Expt. 

Calc. 

Slope 

Slope 

k1 ,Calc 
mole-1  cm' 

Mixture 

1.  1*  d2, 

0.5?  02 

1003 

2.41 

5.94E03 

1.7E-13 

0.99 

1.7E05 

1009 

2.38 

6.11E03 

2.3E-13 

0.98 

2.5E05 

1021 

2.38 

6.82E03 

1.7E-13 

1.00 

2.0E05 

1024 

2.34 

6.70E03 

1.0E-13 

0.97 

1.2E05 

1045 

2.33 

7.69E03 

3- IE-13 

0.96 

4.5E05 

1055 

2.25 

9.16E03 

1.4E-13 

1.09 

2.3E05 

1071 

2.21 

8.77E03 

1.7E-13 

0.97 

3.2E05 

1081 

2.22 

8.88E03 

1.6E-13 

0.93 

3.2E05 

1107 

2.22 

1.13E04 

3.0E-13 

1.00 

7.2E05 

1295 

2.25 

1.95E04 

2.0E-13 

1.08 

1.4E06 

1312 

2.31 

2.61E04 

6.5E-13 

1.01 

4.9E05 

Mixture 

2.  0.1%  D2 

,  0.05?  02 

1421 

1.74 

3.63E03 

7.2E-13 

1.13 

1.2E08 

1495 

1.88 

4.12E03 

3.7E-13 

0.99 

7.6E07 

1565 

1.82 

5.46E03 

1.9E-13 

1.12 

5.2E07 

1614 

1.69 

5.89E03 

2.3E-13 

1.17 

8.1E07 

1646 

1.73 

6.28E03 

2.6E-13 

1.08 

2.0E08 

1699 

1.94 

6.62E03 

5.0E-13 

0.97 

2.0E08 

1893 

2.00 

8.17E03 

9.2E13 

1.03 

6.2E08 

1918 

1.62 

9.35E03 

5.6E-13 

0.96 

4.9E08 

2346 

1.27 

1.20E04 

9.8E-13 

1.15 

2.7E09 

2465 

1.16 

1.10E04 

1.2E-12 

0.97 

4.3E09 

Mixture 

3-  2%  D2, 

0.2?  02 

1125 

1.79 

7.45E03 

9.0E-16 

1.51 

7.5E03 

1231 

1.81 

7.84E03 

1.9E-14 

0.97 

3.0E05 

1252 

1.79 

8.13E03 

3.4E-14 

0.92 

6.0E05 

1286 

2.09 

1.36E04 

6.0E-15 

1.13 

1.1E05 

1394 

1.71 

1.67E04 

2.2E-15 

1.18 

8.2E04 

1440 

2.24 

2.00E04 

1.4E-14 

0.97 

4.8E05 

1472 

2.04 

2.15E04 

7.8E-15 

1.01 

3-4E05 

1546 

1.91 

2.33E04 

1.3E-14 

0.98 

7.9E05 

1576 

1.86 

2.81E04 

4.3E-15 

1.15 

3.0E05 

Average  ratio  for  mixtures  1,  2 

and  3 

1.03 

Mixtures  4.  0.2?  D. 

,,  0.4?  02 

1001 

2.51 

2.84E03 

6.8E-13 

0.74 

8.2E05 

1042 

2.62 

4.11E03 

6.4E-13 

0.76 

1.0E06 

1113 

2.29 

8.02E03 

2.3E-13 

1.08 

6.9E05 

1124 

2.45 

7.71E03 

6.5E-13 

0.93 

1.9E06 

1127 

2.16 

8.02E03 

3.9E-13 

1.06 

1.4E06 

1145 

2.35 

9.18E03 

4.8E-13 

1.03 

1.7E06 

1195 

2.36 

1.05E04 

4.8E-13 

0.95 

2.3E06 

1263 

2.30 

1.47E04 

2.0E-13 

1.01 

1 .5E06 

1285 

2,22 

1.61E04 

1.6E-13 

1.07 

1.4E06 

1311 

2.14 

1.64E04 

2.  IE-13 

1.03 

2.1E06 

Average 

ratio  for  mixture  4 

0.98 
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Mixture 

5.  50  ppm 

D2,  5000  ppm  02 

1374 

2.67 

1.34E03 

1.6E-12 

0.86 

1.4E07 

1393 

2.62 

1.77E03 

1.4E-12 

1.06 

1.4E07 

1434 

2.48 

1.80E03 

1.4E-12 

1.09 

1.7E07 

1493 

2.42 

1.91E03 

2.3E012 

1.06 

3.6E07 

1544 

2.42 

2.03E03 

2.4E-12 

1.02 

4.6E07 

1587 

2.35 

2.27E03 

2.0E-12 

1.09 

1.6E08 

1656 

2.40 

1.95E03 

5.8E-12 

0.84 

1.6E08 

1671 

2.11 

2.20E03 

2.6E-12 

1.05 

8.8E07 

1703 

2.14 

2.81E03 

2.0E-12 

1.27 

7.4E07 

1774 

2.17 

3.45E03 

1.5E-12 

1.41 

6.7E07 

Average  ratio  for  mixture  5  1.08 


Slope  is  din  [0]/dt 


Table  3.  Kinetic 

Data 

for 

H2-02  and  D2“°2 

Reactions. 

Arrhenius 

Parameters 

Reactions 

A* 

E.lcJ 

Reference 

1. 

H 2  +  02  -*■  20H 

1.7E13 

205.6 

7 

2. 

OH  +  H,  -  H,0 

+  H 

1.0E14 

27.2 

See  text 

2  2 

5.2E13 

27.2 

9 

3. 

H  +  0,  •*  OH  + 

0 

1.2E14 

67.4 

this  work 

2 

1.1E14 

67.4 

1 

4. 

0  +  H  -*•  OH  ♦ 

H 

4.2E14 

57.5 

See  text 

2 

2.3E14 

57.5 

11 

2.2E14 

57.5 

10 

5. 

H  +  0,  +  Ar  -*• 

HO  + 

Ar 

4.5E14 

-4.2 

this  work 

2 

2 

4.4E14 

-4.2 

1 

ID 

D2  +  02  -*•  20D 

1.1E13 

205.6 

1 

2D 

OD  +  D2  D20 

+  D 

4.7E13 

29.3 

See  text 

3D 

D  +  0,  -*■  OD  + 

0 

5.8E13 

62.8 

this  work 

2 

1.6E13 

62.8 

1 

4D 

0  +  D,  ♦  0D  + 

D 

1.9E14 

59.6 

See  text 

2 

1.6E14 

59.6 

11 

5D 

D  +  0  +  Ar  + 

DO,  + 

Ar 

2.2E14 

-4.2 

this  work 

2 

1.0E14 

-4.2 

1 

• 

Units  of  A,  mole 

“cm3 

s-1 

for  Reactions  1 

-4; 

mole"2  cm*’ 

s-1  for  Reaction  5 

behavior  after  a  very  brief  initial  period.  In  the  present  study  we  had  hoped 
to  distinguish  between  them  in  specific  experiments  with  mixture  la  in  which 
the  impurities  were  expected  to  be  exceptionally  low,  but  without  success. 


After  a  brief  initial  period,  reactions  2  to  5  reach  the  partial  equili¬ 
brium  state  in  which  concentrations  of  H.  OH  and  0  maintain  a  constant  ratio 
to  one  another.  Under  these  conditions  we  obtain  the  following  relationship 
for  10] : 


(I) 


where  [0], 


k  [0  ] 

-V2  or  [0] 
kjj  o 


klk1at021 


(II) 
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k3  t°2i  2k3[02] 

C  =  k4[H2]  +  igg +  1 


(III) 


In  these  equations  [  H J  and  [Oj  are  the  initial  concentrations  of  the  mixture, 
since  all  of  our  measurements  were  taken  during  the  induction  period  of  the 
reaction. 


We  have  carried  out  numerical  integration  of  reactions  1  through  5  using 
the  rate  coefficients  given  in  Ref.  1  as  a  first  approximation,  calculating 
the  slopes,  din  (0]/dt,  at  each  temperature.  Since  C  =  1  for  rich  and 
stoichiometric  mixtures,  the  slope  of  the  graph  of  In  [0]  versus  time  was 
determined  mainly  by  reactions  3  and  5,  reaction  5  contributing  significantly 
only  below  1200  K.  Accordingly,  rate  coefficients  k-  and  k,_  were  adjusted  to 
get  the  best  fit  to  the  experimental  data.  The  kinetic  data  that  gave  the 
best  match  to  the  data  of  Table  1  are  listed  in  Table  3.  The  results  obtained 
from  0  atom  measurements  are  essentially  the  same  as  those  from  H  atom  mea¬ 
surements. 


For  the  deuterium  analogs  of  reactions  3  and  5  we  found  rate  constants 
somewhat  higher  than  the  values  reported  in  Ref.  1.  At  1500  K  the  isotope 
effect  for  reaction  3  was  found  to  be  a  factor  of  1.4  while  for  reaction  5  at 
1000  -  1200  K  it  is  2.0.  These  effects  seem  more  reasonable  than  the  values  of 
4.5  and  4.4  that  we  obtained  earlier,  in  light,  of  both  the  nature  of  the 
reaction  and  also  earlier  experimental  results'5’  . 


Although  rate  coefficients  k,  and  kg  could  be  obtained  from  the  rich  and 
stoichiometric  mixtures,  not  enough  details  could  be  obtained  from  these 
mixtures  for  reactions  (2)  and  (4).  At  extremely  low  concentrations  of  H, 
where  C  is  no  longer  close  to  1,  reactions  (2)  and  (4)  become  important.  The 
slope,  for  lean  mixtures,  is  given  by 


dln[0]  2k3  k2k4  tH2* _ 

dt  "  k^[C>2]  (k2+2k4)  +  k2k4[H2] 

For  mixtures  such  as  50  ppm  H2,  5000  ppm  02 


(IV) 


k3[02](k2  +  2ku)  »  k2k„[H2] 


(V) 


and  thus, 


dlnfQI 

dt 


2k2k4[H2] 

kg  +  2k4 


(VI) 


However,  the  expression  cannot  be  simplified  to  give  rate  constants  for  a 
single  reaction  since  kg  and  2kj,  are  not  very  different  throughout  our  experi¬ 
mental  j'ange.  It  does  appear  from  the  rate  constants  determined  by  Gardiner 
et  al.  for  reaction  2  and  by  Schott,  Getzinger  and  Seitz7  for  reaction 
4,  as  used  in  our  earlier  paper,  that  2k4  will  be  less  than  k2  except  at  the 
top  of  our  range. 


The  rate  coefficients  for  reactions  2, 4, 2D  and  4D  listed  in  our  earlier 
paper1  led  to  smaller  calculated  0  atom  concentrations  than  we  observed.  We 
obtained  good  agreement  with  our  data  by  leaving  the  Arrhenius  activation 
energies  unchanged  while  increasing  the  A  factors  by  about  40f,  to  the  values 
listed  in  Table  3  of  this  paper. 

We  have  recently11  measured  rate  constants  for  reactions  4  and  4D  by 
following  the  0  atom  concentration  Qhanges  in  shock-heated  mixtures  of  20  ppm 
NgO  and  100  ppm  H2(or  Dg)  in  argon.  These  rate  constant  expressions  are 


I 


t 
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0  +  H2  ♦  OH  ♦  H  kjj  =  2.3  x  1011*  exp(-57.5kJ/RT)mole_1cm33_1 

0  +  D2  -*■  OD  +  D  kjjD  =  1.6  x  1011*  exp(-59.6kJ/RT)mole-1cm3s_1 

and  are  considered  to  be  within  about  305  since  the  0  atom  concentrations  were 
determined  mainly  by  reactions  4  or  4D,  with  minimal  interference  from  other 
reactions.  Accordingly,  we  consider  that  the  rate  constants  for  reactions  4 
and  4D  actually  lie  between  the  values  given  in  Table  3  and  those  listed 
above,  perhaps  a  little  closer  to  the  latter  values.  The  isotope  effect  of 
reaction  4  from  the  N_0  studies  is  about  1.7  at  1500  K.,  compared  to  2.6  as 
determined  from  the  present  work. 

It  seems  that,  in  spite  of  our  precautions,  there  were  some  H-  or  0-atom- 
producing  impurities  that  initiated  and  0-  oxidation.  This  is  probably  the 
reason  why  our  estimates  of  k.,  listed  in  'rabies  1  and  2  are  erratic  in  many 
experiments  as  shown  in  Fig.  4.  However,  in  some  of  the  experiments,  parti¬ 
cularly  for  reaction  mixture  la  in  which  the  impurities  are  expected  to  be 
low,  our  values  came  close  to  the  curve  of  Jaehimowski  and  Houghton  ,  confirm¬ 
ing  that  their  k1  (or  k1a)  is  a  good  one. 


T  oooCbo 


,□0  fffl. 


Figure  4.  Rate  constants  for  H2  +  02  •+■ 
20H  calculated  from  experimental  data  .A , 
15  H  0.55  0  IK  H  0.55  0„,  (Mix. 
1a);T>,  25  H2,T).25  02;  1 T,  50  ppm  H_,  5000 
ppm  02;  — ,  equation  of  Jaehimowski  and 
Houghton ' . 
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DIRECT  MEASUREMENTS  OF  O-ATOM  REACTIONS 
WITH  HCN  AND  CpHp  BEHIND  SHOCK  WAVES 

P.  ROTH,  R.  LOHR 
Fachgebiet  Stromungstechnik 
Universit&t  GH  Duisburg,  D-^lOO  Duisburg,  W.  Germany 
V 

High  temperature  reactions  of  O-atoms  with  HCN  and 
C_Hp  have  been  studied  behind  reflected  shock 

waves  in  the  temperature  range  1500  K^Tf  2600  K ■ _ 

The  O-atoms  were  generated  by  the  known  fast  de~-  ““ 
composition  of  N„0.  The  time  dependent  behaviour 
of  the  O-atoms  in  the  post  shock  reaction  zone  and 
the  generation  of  H-atoms  have  been  measured  by 
resonance  absorption  spectroscopy  (ARAS).  Because 
of  the  sensitivity  of  this  experimental  technique 
initial  concentrations  of  reactants  in  the  ppm 
region  are  sufficient. 

The  interpretation  of  the  HCN/NpO  measurements  in 
terms  of  rate  coefficients  can  be  given  by  the 
two-channel-reaction 

HCN+0  OCN+H  kpa= 1 . 2  10  exp(-7^60K/T)cm  s 

^  (CN+OH)  (k2a+k2b)  /k2a=1.6 
For  the  CpHp/NpO  reaction  system  the  reactions 

7,  .10  3  _ 1 

CpHp+O  H  CpHO+H  k-=7.2  10  exp(-6l00K/T)cm  s 

-2*  CHp+CO  k3b  =  2.0  10  exp (-3300K/T) cm  s 

are  dominant  in  the  low  concentration  reaction 
system  and  the  interpretation  of  measured  H-and 
0-atom  profiles  by  the  given  rate  coefficients  is 
easy  to  do  and  unequivocal. 

INTRODUCTION 

High  temperature  0-atom  reactions  are  central  to  the  general  pro¬ 
cess  of  hydrocarbon  oxidation  kinetics.  The  isolation  and  deter¬ 
mination  of  individual  rate  coefficients  is  difficult  because  of 
the  normally  complex  reaction  systems.  It  has  been  shown  (for 
example,  1  *  3)  that  the  atomic  resonance  absorption  spectrophoto 
metry  (ARAS)  in  connection  with  shock  tube  technology  is  a  good 
and  successful  approach  to  kinetic  data  acquisition.  For  the  di¬ 
rect  time  dependent  measurements  of  H-  and  /  or  0-atom  concentra- 
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tions  behind  reflected  shock  waves,  initial  concentrations  of  re¬ 
actants  in  the  ppm  region  are  needed.  Because  of  this  very  high 
dilution  the  number  of  elementary  reactions  which  determine  basi¬ 
cally  the  overall  high  temperature  reaction  behaviour  is  low.  In 
most  cases  a  simple  kinetic  interpretation  of  measured  time  deoen- 
dent  atom  concentrations  is  possible. 

In  this  paper  the  ARAS-method  is  applied  to  investigate  the  high 
temperature  reaction  behaviour  of  O-atoms  with  HCN  and  C^H^.  HCN 
is  known  to  be  an  intermediate  in  the  NO  formation  kinetics  and 
was  first  proposed  by  Fenimore4  and  measured  by  Bachmeier, 

Eberius  and  Just5  in  rich  hydrocarbon  flames.  The  rate  coefficient 
of  the  HCN  +  0  reaction  has  been  measured  by  Davies  and  Thrush6 
using  flow  reactor  technique.  Their  low  temperature  results  are 

HCN  +  0  — *■  OCN  +  H 

_  1  2  3  1 

k  =  8.6  x  10  exp( -4075  K/T)  cm  s  470  K*T*575  K 

Direct  measured  high  temperature  rate  coefficients  are  not  known. 
The  linear  Arrhenius  extrapolation  of  the  rate  coefficient  from 
low  to  high  temperatures  can  lead  to  considerable  errors.  Similar 
reactions  are  known  to  show  significant  non-Arrhenius  behaviour. 

The  reaction  of  0-atoms  with  C„H2  is  an  important  step  in  many 
hydrocarbon  combustion  systems!  At  low  temperatures  it  has  been 
extensively  studied  in  flow  reactors  by  different  experimental 
techniques  (for  example  7  8  5  1 0 ) .  Several  free  radicals  were  ob¬ 
served  as  primary  and  secondary  products.  At  flame  conditions  the 
removal  of  C,H~  mostly  occurs  by  reactions  with  0  and  OH.  Fenimore 
and  Jones11  ana  Vandooren  and  van  Tiggelen12  deduce  rate  coeffici¬ 
ents  from  their  flame  measurements.  In  shock  tube  experiments13  14 
the  O+CpH-  reaction  could  not  be  directly  measured.  This  elemen¬ 
tary  reaction  is  included  in  the  overall  C^Hp  oxidation  mechanism. 

In  order  to  study  the  reaction  behaviour  of  0-atoms  with  HCN  and 
CpHp  at  temperatures  T  > 1500  K  we  measured  H-  and  0-atom  concen¬ 
trations  in  highly  diluted  HCN/NpO-Ar  and  CpHp/NpO-Ar  systems.  The 
0-atoms  were  generated  by  the  known  fast  decomposition  of  NpO. 

EXPERIMENTAL 

Extreme  purity  is  essential  if  a  shock  tube  is  to  be  used  to  obtain 
kinetic  measurements  on  low  concentration  systems.  The  UHV-appara- 
tus  consists  of  a  diaphragm-shock  tube,  a  mixing  and  storage 
bottle  for  the  gas  mixtures,  and  an  optical  system  for  the  detec¬ 
tion  of  0-  and  H-atoms  by  the  atom  resonance  absorption  spectros¬ 
copy  (ARAS)3. 

The  internal  surface  of  the  stainless  steel  shock  tube  (internal 
diameter  7.9  cm)  is  specially  prepared  for  high  vacuum  purposes. 
The  tube  can  be  heated  and  is  evacuated  via  a  special  end  plate 
valve  by  a  forepump,  turbomolecular  pump,  and  liquid  nitrogen_a 
cooled  titanium-sublimation  pump  to  pressure  down  to  about  10_mbar. 
As  molecular  sieves  prevent  the  forepump  oil  from  entering  the 
tube,  the  residual  gas  is  practically  free  of  hydrocarbons.  The 
leak-plus-outgassing  rate  is  of  the  order  of  8  x  10_  mbar  per  mi¬ 
nute.  Only  very  pure  gases  are  used.  The  argon  has  a  purity  of 
99-9999  % >  with  Nj  being  the  main  impurity.  The  present  experiments 
have  been  carried  out  with  mixtures  manometrically  prepared  with 
calibrated  diaphragm-type  pressure  gauges.  Using  metal  seals 
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(Au,  Ag,  Cu)  the  mixing  system  can  be  heated  and  evacuated  by  a 
second  pumping  unit  to  pressures  of  p  -  10  8  m bar. 

The  optical  detection  system  consists  of  a  microwave-excited  dis¬ 
charge  lamp,  the  absorption  zone  in  the  shock  tube  being  separa¬ 
ted  on  both  sides  by  two  thin  MgFp-windows ,  a  lm  McPherson  vacuum 
UV  monochromator,  and  a  special  solar-blind  photomultiplier.  The 
corresponding  spectral  lines  Ha  =  121,6  nm,  01  =  130,5  nm  are 
excited  in  a  gas  mixture  of  He  with  2%  Hp  or  Op  that  passes 
through  the  lamp  at  a  pressure  of  6  mbar;  The  risetime  of  the  de¬ 
tection  system  is  less  than  20  us  for  a  signal  to  noise  ratio  of 
about  15.  Experiments  with  argon  alone  at  high  temperature,  up  to 
3000  K,  showed  negligible  absorption  signals  due  to  impurities 
or  their  secondary  products,  and  so  highly  diluted  mixtures  can  be 
investigated  up  to  this  temperature.  A  more  detailed  description 
of  the  experimental  setup  is  given  elsewhere3. 

The  optical  measurement  technique  is  a  line  emission  -  line  absorp¬ 
tion  method  with  the  spectral  shape  of  the  emitter  line  not  being 
known  in  detail  and  supposed  to  be  mainly  influenced  by  self¬ 
reversion3.  So  calibration  experiments  have  to  be  made  to  find  out 
the  correlation  between  measured  absorption  and  concentration. 

The  calibration  procedure  for  H-atoms  can  only  be  performed  on  the 
basis  of  kinetic  properties.  For  0-atom  calibration  the  partial 
equilibrium  of  0-atoms  which  can  be  realized  behind  shock  waves 
in  Ar/NpO  mixtures  have  been  used. 

RESULTS 

The  shock  tube  experiments  have  been  performed  using  gas  mixtures 

with  various  initial  concentration 
ratios  of  reactants  highly  diluted 
in  Ar.  The  temperature  range  of 
both  series  of  experiments  was 
somewhat  different,  the  pressures 
are  approximately  1.7  bar. 

HCN/N-0  :  25/5,  25/25,  50/10, 

50/50,  100/20,  200/40  ppm/ppm 
1700  K*  T*2500  K 


C„Hp/NpO  :  10/10,  25/25,  15/100 

ppm/ppm,  1500  Kdi  T  2575  K 

Because  of  the  different  sensiti¬ 
vity  of  the  H-  and  0-atom  resonan¬ 
ce  absorption  (factor  of  about  10 
in  concentration)  and  the  special 
experimental  arrangement  it  was 
not  possible  to  measure  both  atom 
concentrations  simultaneously. 

The  absorption  experiments  have 
been  performed  independently  with 
temperatures  of  the  H-atom  mea¬ 
surements  being  at  the  lower  part 
of  the  given  temperature  ranges. 

The  general  behaviour  of  the  0-atom 
absorption  signals  is  similar  in 
the  HCN/N20  and  CpHp/NpO  case. 


Figure  1.  Absorption  sig¬ 
nals  behind  shock  waves 

a)  0-atom  absorption  in 
C2Hp/Np0-Ar  mixtures 
100  ys/ciiv 

b)  H-atom  absorption  in 
HCN/NpO-Ar  mixtures 
100  us  /div 
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An  example  is  shown  in  fig.  1,  upper  part.  After  shock  arrival 
the  production  of  O-atoms  from  N^O  begins  immediately  and  the 
absorption  increases.  The  atoms  formed  react  with  HCN  or  C 
and  the  absorption  reaches  a  maximum  value.  Then  it  decreases 
because  of  the  consumption  of  N^O  and  the  resulting  reduction  in 
the  O-atom  production  rate. 

An  example  of  measured  H-atom  absorption  typical  for  both  C2H„ 
and  HCN  systems  is  given  in  the  lower  part  of  fig.  1.  The  early 
signal  increase  after  shock  arrival  indicates  that  H-atoms  are  one 
of  the  direct  products  of  the  O-atom  attack  on  CpH^  or  HCN. 


DISCUSSION 

Because  of  the  high  dilution  the  reaction  behaviour  of  the  HCN/N20 
and  C-H^/N-O  systems  will  be  determined  by  only  a  few  elementary 
reactions .The  known  pyrolytical  decomposition  of  N^O  and  secon¬ 
dary  reactions  of  O-atom  with  HCN  or  C^H^  will  be  most  important. 

A  direct  decomposition  of  HCN  and  C_H„  is  of  minor  importance 
under  the  present  experimental  conditions.  The  beginning  of  the 
reactions  can  be  kinetically  modelled  in  the  following  way. 


N20  +  M  — 

N2  +  0 

+  M 

0  +  Ri  -^2 

products 

+  H 

_ik 

products 

without  H 

Ri  =  HCN  or  C?H2 

i  =  2  HCN  i  =  3  C2H2 

A  simple  analytical  solution  of  the  time  dependent  atom  concentra¬ 
tions  in  the  reaction  zone  behind  shock  waves  can  be  derived  from 
the  above  reaction  scheme  if  the  concentration  is  assumed  to 
be  nearly  constant. 
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2.1*  x  10  exp  (-30  800  K/T)  cm  s 
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The  quantities  c.  and  c^  are  identical  if  the  reaction  channel 
ia  only  of  the  proposed1f?iechanism  is  important.  The  given  rate 
coefficient  k^  has  been  taken  from  reference2. 

For  every  individual  O-atom  experiment  the  quantity  c.  or  k. 

(i  =  2  HCN,  i  =3CpHp)  has  been  varied  to  fit  the  measured  concen¬ 
trations  by  equation  (1).  A  good  rendering  of  the  O-atom  maximum 
is  a  specially  used  criterion  .  Two  examples  are  given  in  fig.  2. 


Figure  2.  Measured  and  computed  O-atom  concentration 
(simple  kinetic  model)  _12  3  _j 

a)  HCN/NpO-Ar  mixture  k?  =  5. 8xlO~i icm3s”i 

b)  C^Hp/NpO-Ar  mixture  k^  =  9-0x10  cm  s 

-  =  const 

-  CpHp  ^  const 

In  the  upper  part  computed  and  measured  concentrations  of  the 
HCN/NpO  system  are  shown  using  kp  =  5.8  x  lO"12^*  s~ 1 .  After  the 
maximum  tne  measurement  lies  below  the  computed  curve.  This  was 
found  in  all  other  HCN/NpO  experiments  and  is  attributed  to  the 
influence  of  secondary  reactions.  An  example  of  measured  and  com¬ 
puted  O-atom  concentrations  in  the  C-Hp/NpO  system  is  shown  in 
the  lower  part  of  fig.  2.  The  rate  coefficient  k,  which  fits  the 
measured  maximum  value  is  much  higher  than  in  the  other  case.  The 
condition  of  nearly  constant  CpHp-concentration  assumed  in  equa¬ 
tion  (l)  is  not  satisfied.  The  aashed  line  in  fig.  2  (lower  part) 
represents  a  computation  in  which  CpHp  is  not  assumed  to  be  con¬ 
stant.  The  difference  in  the  measured^O-atom  concentration  must 
be  explained  by  additional  reactions  which  have  to  be  taken  into 
account  for  a  complete  description  of  the  reaction  behaviour  of 
the  system.  For  all  O-atom  measurements  in  the  HCN/NpO  and  CpHp/ 
NpO  systems  the  individual  rate  coefficients  have  been  determined 
based  on  the  simplified  reaction  scheme.  The  mean  value  of  kp  and 
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k  can  be  given  in  simple  Arrhenius  form. 

3  .10  v  3  -1  15 

k  r  i.9  x  10  exp  (-7460  K/T)  cm  s 

2  3  1  1  6 
k  =  7.3  x  10  exp  (-4600  K/T)  cm  s 

The  H-atoms  measured  in  both  reaction  systems  have  been. fitted  in 
a  similar  way  by  using  equation  (2)  of  the  simple  kinetic  model. 
The  coefficients  c-  and  c,  are  known  from  the. 0-atom  experiments 
and  the  only  fitting  parameter  in  both  cases  is  the  reaction 

channel  ratio  c.  /c.  =  k.  /k. .  Two  examples  are  shown  in  fig.  3- 
13.  1  13  1 


XX)  Dp*  HtN/ZOppm  N,0 
T  t  1720  «  | 


600  >i*  aoo 


T5  C,M,  / 100  ppl*  N,0 

T.  1625  1C 
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O 

_ 

Figure  3.  Measured  and 
computed  H-atom  concen¬ 
tration  (simple  kinetic 
model ) 

a)  HCN/No0-Ar  mixture 
k? 

1 r  =  l-65 

K2a 


b)  CpH^/NpO-Ar  mixture 


600  ps  600 


h  =  2.65 
k3a 


In  the  upper  part  an  H-atom  concentration  profile  measured  in  the 
HCN/NpO  system  is  shown  together  with  the  computed  profile  using 
a  ratio  Cp  /c_  =  kp  /kp  =  1.65.  The  agreement  between  experiment 
and  calculation  is  remarkably  good.  The  given  ratio  of  rate  coeffi¬ 
cients  for  these  individual  experiments  is  greater  than  1.  This 
means  that  the  decrease  of  the  O-atom  production  rate  and  the  in¬ 
crease  of  H-atoms  cannot  be  explained  by  only  one  reaction  channel 
2a.  In  the  lower  part  of  fig.  3  an  example  of  a  measured  H-atom 
concentration  profile  in  the  CpHp/N -0  reaction  system  is  given. 

The  drawn  line  represents  the  time  behaviour  computed  from  equa¬ 
tion  (2)  using  a  coefficient  ratio  k,  2.65.  The  dashed  line 

gives  the  result  of  an  additional  computation  with  0pHo  i  const. 

At  times  t>300  ps  the  measurement  lies  below  the  computed  curves. 
This  must  be  explained  by  further  reactions  not  included  in  the 
simple  reaction  model. 

By  analysing  all  H-atom  experiments  in  the  described  way  individu¬ 
al  reaction  channel  ratios  k.  /k.  under  different  experimental  con¬ 
ditions  could  be  determined.1^  the  case  of  the  HCN/NpO  reaction 
system  a  channel  ratio. 


1700  K  *  T  *  2200  K 


independent  on  temperature  was  found15.  From  the  measurements  in 
the  C„Hp/NpO  system  a  temperature  dependent  mean  value  of  the  ratio 
k,/k,f  could  be  derived  and  given  in  simple  Arrhenius  form15. 
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1.03  x  exp (1500  K/T) 


All  data  interpretations  are  based  on  the  above  given  simple 
kinetic  reaction  model. 

A  better  fit  of  measured  H-  and  0-atom  concentrations  especially 
at  later  times  can  only  be  achieved  by  additional  reactions. 
Reactions  of  products  with  the  initial  molecules  and  reactions  of 
products  with  other  products  have  to  be  considered.  In  the  HCN/N?0 
system  the  reaction  scheme  given  in  Tab.  1  has  been  proposed  with 
suitable  rate  coefficients. 
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Table  1.  Kinetic  Data  for  the  HCN/N^O  Reaction  System 


Reaction 

Rate  coefficient 

3 

cm 

_  1 

s 

n2o  + 

M 

-1* 

N2 

+ 

0  +  M 

_  » 

2.4x10  exp(- 

30 

0 

0 

00 

K/T) 

c2v 

0 

la* 

c2ho+ 

H 

_  1  8 

7.2x10  exp(- 

6 

100 

K/T) 

3bT 

CH? 

+ 

CO 

_  1  0 

2.0x10  exp(- 

3 

0 

0 

K5 

K/T) 

1 1  ' 

““ 

— -  - 

— - *.  tt - 

“ 

—  —  — 

CH2  + 

0 

— *■ 

CH 

+ 

OH 

1.5x10 

— 

HCO 

+ 

H 

0 

ch2  + 

_  1 1 

H 

— *■ 

CH 

+ 

H2 

5.0x10 

c2ho+ 

H 

— 

CH? 

+ 

CO 

_  1 1 

5.0x10 

_  1 1 

ch2  +c 

2H 

2  *" 

C3H4 

1.5x10 

_  1 0 

c2h2+ 

OH 

products 

1.0x10  exp(- 

7 

000 

K/T) 

Table  2.  Kinetic  Data  for  the  C2H2/N20  Reaction  System 
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In  Tab.  2  the  kinetic  data  used  in  the  CpH^/MpO  reaction  system 
are  shown.  The  computer  simulations  were ^performed  to  determine 
whether  or  not  the  preliminary  estimates  of  the  rate  coefficients 
k„  and  k„  or  k,  and  k,  ,  given  above,  must  be  modified,  if  a 
more  detailed  reaction^scheme  is  used.  The  measurements  and  com¬ 
puter  simulations  are  not  sufficient  to  determine  further  rate 
coefficients.  For  both  reaction  systems,  a  nearly  perfect  fit  in 
most  cases,  and  at  least  a  satisfactory  fit  in  some  cases  was 
achieved.  An  example  is  shown  in  fig.  4.  In  all  cases  the  influence 

of  the  additional  reactions  on  the  com¬ 
puted  H-and  O-atom  concentrations  are 
relatively  weak.  Because  of  the  good 
agreement  between  experiment  and  calcu¬ 
lation,  found  in  all  cases,  the  estima¬ 
tes  of  the  rate  coefficients  k.  and  k. 
are  confirmed  by  the  computer  simulati¬ 
ons15  ls. 

In  fig.  5  the  rate  coefficient  k_  ob¬ 
tained  in  the  HCN/N-0  reaction  system 
is  shown  together  with  the  low  tempera- 
ture  results  of  Davies  and  Trush*.The 
— »  non-Arrhenius  behaviour  of  the  rate  co¬ 

efficient  is  obvious.  In  fig.  6  results 
of  the  present  shock  tube  measurements 


on  +  0  reactions  together  with 

available  results  obtained  by  various 
experimental  techniques  are  summarized. 
The  room  temperature  values  and  the  re¬ 
commended  extrapolation  of  Jones  and 
Bayes10  for  k,  fits  the  present  results 
if  non  Arrhenius  behaviour  of  k,  is 
assumed.  -5a 


mum 


600  pi  600 


Figure  4.  Measured  and.  computed  H-  and  0-atom  concentration 
profiles  in  the  HCN/N-0  reaction  system  using  the  reaction 
scheme  of  Tab.  1 
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Figure  5.  Rate  coefficients  of  the 
reaction  HCN+0  -♦  OCN+H. 


Figure  6.  Rate  coefficients 
of  the  reaction  CpH^+O. 
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\ 

An  ultra-clean  2  in  I.D.  single  pulse  shock  tube  coupled 
to  an  atomic  resonance  absorption  detection  system  was 
constructed  in  order  to  determine  H  atom  concentration  by 
Lyman-a  absorption.  The  shock  tube  with  its  LiF  windows  was 
baked  to  300  °C  and  pumped  down  to  'MO-7  torr  under  this 
baking  temperature.  Ultra- pure  argon  could  be  shock  heated 
to  ^2500  K  with  no  spurious  H  atom  absorption.  The  system 
was  constructed  in  order  to  study  the  kinetics  of  chemical 
reactions,  which  are  strongly  catalyzed  by  H  atoms,  under 
the  conditions  where  no  such  atoms  are  detected. -.-'The  tube 
fulfilled  the  function  of  a  single  pulse  shock  tu^  but  at 
the  same  time  provided  the  knowledge  whether  or  not  H  atoms 
were  present  in  the  hot  gas.  Specifically,  the  role  of  H 
atoms  in  the  Ha  +  Da  exchange  reaction  was  studied.  Mixtures 
of  hydrogen  and  deuterium  diluted  in  argon  were  shock  heated 
to  1375-1760  K;  samples  were  then  taken  from  the  tube  and 
analyzed  mass  spectrometrically  for  the  ratio  [hd]/[d2]. 

1400  K  was  the  highest  temperature  at  which  no  spurious  H 
atom  absorption  was  observed  in  a  shocked  mixture  of 
1/f  H2-1^  D2.  Under  the  conditions  of  no  absorption,  no 
(or_<1^)  HD  conversion  was  obtained.  At  higher  temperatures, 
Lyman-a  absorption  was  detected  and  more  HD  conversion  was 
observed.  A  comparison  between  these  results  and  results 
obtained  previously  in  less  clean  systems  suggests  that  the 
high  HD  conversion  observed  in  the  past  was  strongly 
influenced  by  hydrogen  atoms  generated  from  impurities.  The 
existence  of  a  molecular  mechanism  in  the  H2-D2  exchange 
reaction  is  thus  highly  doubtful. 
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One  of  the  major  advantages  of  the  shock  tube  over  the  conventional  oven  heat¬ 
ing  is  the  homogeneous  conditions  under  which  a  chemical  reaction  can  be 
studied  at  high  temperatures.  As  the  heating  is  gas  dynamic,  heat  does  not 
flow  across  the  tube  walls;  they  remain  cold  and  prevent  heterogeneous  cataly¬ 
sis.  This  behavior  was  very  often  stressed  when  chemical  kinetic  studies  in 
shock  tubes  were  presented.  The  question  of  an  uncontrolled  homogeneous 
catalysis  was  but  very  little  discussed,  although  it  might  create  severe 
problems,  as  severe  as  in  the  case  of  heterogeneous  catalysis.  Impurities  in 
the  shock  tube,  depending  upon  their  nature  and  quantity,  can  produce  upon 


I 


f 
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shock  heating  active  fragments  which  might  then  participate  in  the  main 
reaction.  This  is  in  particular  true  when  an  unreactive  chemical  system  is 
subjected  to  contaminants  which  can  easily  be  decomposed  by  the  shock  wave  to 
produce  active  radicals  or  atoms.  These  can  later  homogeneously  catalyze  the 
studied  chemical  reactions. 

The  most  common  contaminants  are  leaked  oxygen,  water,  and  pump  oil  as 
well  as  hydrocarbon  inpurities  in  the  carrier  gas.  The  latter  two  create  the 
more  undesirable  situation.  Although  the  commonly  used  pumping  systems  can 
easily  reduce  the  pressure  in  the  tube  to  a  suitably  low  level  (^10-5  torr) , 
some  hydrocarbon  oil  molecules  are  always  able  to  make  their  way  through  the 
trap  and  become  absorbed  on  the  shock  tube  walls.  They  are  later  stripped  off 
during  the  shock  process  and  decompose  in  the  hot  gas.  Their  decomposition, 
together  with  that  of  the  hydrocarbon  impurities  in  the  carrier  gas,  leads  to 
the  production  of  H  atoms,  one  of  the  most  chemically  active  species. 

The  oxidation  of  carbon  monoxide  and  the  exchange  reaction  between 
hydrogen  and  deuterium  are  only  two  of  many  examples  where  chemical  reactions 
are  strongly  catalyzed  by  very  small  concentrations  of  hydrogen  atoms. 


H  +  Oa  -*■  OH  +  0  1 

OH  +  CO  -*■  C02  +  H  2 

H  +  Di  ->  HD  +  D  3 

D  +  H2  -*•  HD  +  H  4 


Clearly,  in  order  to  study  the  clean  molecular  processes: 


CO  +  0  2  CO  2  +  0 


5 


and 


Ha  +  Da  2HD 


6 


the  condition  where  no  hydrogen  atoms  are  present  in  the  reaction  system  must 
be  established.  We  shall  later  show  that  such  conditions  do  not  at  all  exist 
in  conventional  shock  tubes. 

It  was  already  shown  fifteen  years  ago  that  when  a  mixture  of  hydrogen 
and  deuterium  highly  diluted  in  argon  is  shock  heated  in  a  conventional  single 
pulse  shock  tube  to  the  temperature  range  11 00-1 300  K,  a  considerable  con¬ 
version  to  deuterium  hydride  (HD)  occurs  with  an  activation  energy  of  ‘'-40 
kcal/mole  1’2’3.  Since  this  temperature  range  and  activation  energy  are  much 
lower  than  what  is  required  to  dissociate  molecular  hydrogen  to  hydrogen 
atoms,  the  production  of  HD  could  not  be  explained  on  the  basis  of  an  atomic 
displacement  mechanism  (reactions  3  4  4)  in  view  of  the  apparently  very  low 
concentration  of  H  atoms  in  the  system.  A  molecular  mechanism  (reaction  6) 
and  a  4-center  transition  state  Hu  was  therefore  suggested  in  order  to  explain 
the  experimental  observations. 


H  4  H 

H,  +  D2  »*  i  (  I  **  HD  +  HD 
6  -(  f> 


It  should  be  emphasized  that  the  ruling  out  of  the  3-center  atomic  dis¬ 
placement  route  (reactions  344)  was  based  on  a  calculated  value  of  H  atoms 
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assuming  two  sources:  the  self  dissociation  of  the  hydrogen  molecule  and  the 
known  leak  rate  of  oxygen.  No  attempt  was  ever  made  to  actually  determine  the 
H  atom  concentration  in  the  hot  gas. 

When  a  4-center  transition  state  Hu  was  suggested  as  an  intermediate  in 
the  H2-D2  exhange1,  attempts  were  made  by  a  number  of  theoreticians  to 
calculate  a  reaction  path  on  the  Hu  potential  energy  surface  that  would  switch 
atoms  but  at  energies  less  than  a  single  H2  dissociation.  However,  no  matter 
what  structure  was  assigned  to  the  Hu  complex  such  a  path  could  never  be 
calculated1*-6.  The  reaction  barrier  was  always  above  the  Ha+2H  asymptote.  (An 
H*  intermediate  was  later  suggested7*0  but  the  temperature  at  which  the 
reaction  was  studied  was  too  high  to  allow  the  formation  of  such  a  complex.) 

Serious  objections  were  therefore  raised9*10  to  the  proposed  Hu 
transition  state  claiming  that  the  main  source  of  H  atoms  was  not  the 
dissociation  of  molecular  hydrogen  but  shock  dissociation  of  hydrogen 
containing  impurities  such  as  pump  oil,  for  which  the  activation  energy  is 
much  lower. 

In  order  to  clarify  this  and  other  points,  we  decided  to  study  the  ex¬ 
change  reaction  between  H2  and  D2  in  a  single  pulse  shock  tube  and  at  the  same 
time  to  determine  the  H  atom  profile  directly,  using  Lyman-a  absorption  at 
1215*67  A.  The  goal  was  to  achieve  the  conditions  where  no  fbsorption  of  H 
atoms  around  1400  K  would  be  observed  and  at  the  same  time  to  find  out  whether 
exchange  has  occurred.  The  work  described  in  this  article  is  part  of  this 
effort. 

EXPERIMENTAL 

In  order  to  achieve  the  conditions  where  no  spurious  H  atom  absorption  at 
Lyman-a  would  be  observed  due  to  impurities,  an  ultra  clean  single  pulse  3hock 
tube  was  constructed.  It  was  2  in  I.D.  made  of  electropolished  seamless 
stainless  steel  tubing.  The  driven  section  was  4  m  long  and  the  driver  had  a 
variable  length  up  to  2.7  m.  All  parts  of  the  shock  tube  were  cleaned  with 
trichlorethylene  and  methylene  chloride  prior  to  their  assembly.  The  only 
rubber  or  plastic  material  in  the  high  vacuum  system  was  the  Vi  ton  0-rings  in 
the  Al  gate  valves. 

Pieces  of  the  shock  tube  were  connected  with  copper  gaskets,  except  for 
the  last  half  of  the  driven  section,  which  used  gold  gaskets  to  ensure  smooth¬ 
ness  in  the  region  of  the  formed  shock  wave.  Shock  speed  for  temperature 
calculations  was  measured  with  flush  mounted  Model  6QP  500  Vibrometer  quartz 
transducers.  An  additional  transducer  to  record  the  pressure  -  time  history 
was  mounted  in  line  with  the  optical  path. 

The  vacuum  system  consisted  of  a  4"  diffusion  pump  charged  with  Dow 
Corning  705  oil  and  two  Varian  4"  Long-Life  LNa  Cryotraps  separated  by  a  1  m, 

4  in  I.D.  curved  pipe.  Roughing  was  done  by  a  mechanical  pump  located  2.5 
meters  away  from  the  shock  tube  port  and  trapped  with  LN2  and  a  5  A  molecular 
sieve;  all  this  to  prevent  back  streaming  of  pump  oil  into  the  shock  tube. 

The  bakeable  gas  handling  and  mixing  manifold  was  made  of  stainless  steel  and 
used  Nupro  metal  seal  bellows  valves.  The  pressure  was  read  by  Schaevitz 
diaphragm  type  pressure  transducers.  A  schematic  diagram  of  the  pumping 
system  is  shown  in  Figure  1 . 

Diaphragmr  used  were  0.3  mm  aluminum,  scored  with  a  knife  edge  to  ensure 
a  clean  burst.  Dry  nitrogen  was  used  to  fill  the  shock  tube  when  changing 
diaphragms  and  kept  flowing  at  positive  pressure  while  the  shock  tube  was 
open. 


The  test  gas  for  the  exchange  studies  was  composed  of  1$  Matheson 
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Research  Grade  hydrogen  (99.9995%)  and  1%  Matheaon  C.P.  Grade  deuterium 
(99.5%)  diluted  in  Matheson  Grade  argon  (99.9995%).  Prior  to  preparation,  the 
storage  tank  and  gas  handling  system  were  baked  to  300 °C  under  high  vacuum. 

All  gases  were  passed  through  previously  baked  under  vacuum  Merck  5  A 
Molecular  Sieve  beads  in  a  trap  cooled  with  ethanol  and  LNa  (about  -100°C). 

All  connecting  tubings  were  flamed  under  vacuum  if  they  had  been  open  to  the 
air.  The  test  gas  was  prepared  in  an  8  liter  stainless  steel  tank  at  100 
psia. 


Figure  1.  A  schematic  dia¬ 
gram  of  the  pumping  system 
of  the  ultra  clean  shock 
tube.  Note  the  long  dis¬ 
tance  between  the  pumps  and 
the  shock  tube  port. 


The  object  of  all  the  precautions  taken  was  to  keep  the  system  clean  and 
minimize  the  production  of  spurious  H  atoms  upon  shock  heating.  When  these 
were  not  taken,  for  example,  when  the  99.9995%  argon  was  used  without  further 
purification,  some  Lyman-a  absorption  was  noticed  already  at  1500  K.  It  was 
also  found  that  the  test  gas  had  to  be  introduced  into  the  3hock  tube  through 
the  end  block  and  not  through  the  diaphragm  section  as  is  usually  done.  Doing 
so,  minute  traces  of  pump  oil  located  near  the  diaphragm  section  were  swept 
out  of  the  tube  during  the  introduction  of  the  test  mixture  rather  than  into 
the  tube. 


In  order  to  be  able  to  bake  the  shock  tube  with  its  LiF  windows  to 
300 °C,  a  novel  double  window  system  shown  in  Fig.  2  was  designed11.  This  de¬ 
sign  was  necessary  since  unlike  quartz  or  glass,  a  gold  gasket  cannot  be  used 
to  make  the  vacuum  seal  as  the  pressure  needed  would  crush  the  window.  Epoxy 
is  most  commonly  used  to  seal  these  windows,  but  it  begins  to  decompose  at 


wall 

thickness 

,0.25 


I  s  12  Mg  F, 

(light  source 
attached 
here 
—eposy  seal 


Figure  2.  The  end  block  of  the 
tube  with  its  double  window  ar¬ 
rangement.  The  system  is  baked 
to  300 °C. 


\ 


I606 1  Lifshitz  et  al. 

about  150°C,  thus  limiting  the  baking  temperature.  In  this  design,  the 
windows  on  the  walls  of  the  shock  tube  are  flush  mounted  and  held  in  place  by 
a  metal  ferrule.  They  are  not  vacuum  tight  and  are  not  epoxyed  in.  The 
second  window  which  provides  the  vacuum  seal  is  epoxyed  in  place  and  is 
separated  from  the  shock  tube  by  a  thin  walled  (0.25  ran)  stainless  steel  tube 
to  minimize  heat  transfer  to  the  epoxy  seal.  On  the  other  side  of  the  shock 
tube  the  thin  walled  tube  is  replaced  by  thin  bellows.  It  provides  a  flexible 
connection  to  the  monochromator  and  allows  for  slight  changes  in  position 
owing  to  the  shock  tube  expansion  upon  baking.  This  system  has  been  baked 
repeatedly  to  300°C  at  5x10-7  torr  overnight  with  no  decomposition  of  the 
epoxy. 


With  the  shock  tube  and  double  window  just  described,  baked  overnight  to 
300 °C  under  5x10-7  torr,  very  good  performance  was  obtained.  Matheson  Grade 
argon  which  was  further  purified  with  a  5  A  molecular  sieve  at  %- 100°C  could 
be  shock  heated  to  ^2500  K  without  showing  any  H  atom  absorption  at  Lyman-a. 

It  Ha  in  argon  purified  as  above  could  be  shock  heated  to  1500  K  with  less 
than  5%  peak  absorption.  These  conditions  were  found  satisfactory  and 
suitable  for  the  Ha  +  D2  exchange  studies. 

The  spectrometric  system  attached  to  the  shock  tube  consisted  of  the 
Lyman-a  radiation  source,  the  optical  cell  (the  shock  tube  with  its  double 
window  system) ,  the  monochromator  and  the  extreme  solar  blind  photo 
multiplier.  The  light  source  is  a  conventional  one  made  of  13  ran  O.D.  quartz 
tube  through  which  IX  H2  in  helium  is  flown  at  2-3  torr.  The  Ophthos  Evanson 
microwave  cavity  received  50  watts  power  from  a  KIVA  2.45  GHz  generator.  A 
McPherson  Model  218  0.3  m  scanning  monochrometer  is  attached  to  the  opposite 
side  of  the  end  block.  An  EMR  Model  542G-08- 18-03900  extreme  solar  blind 
photomultiplier,  operated  at  3000  V  picks  up  the  signal  and  feeds  it  to  a 
Model  805  Biomation  Waveform  Recorder  modified  for  two  channel  operation. 
Signals  are  displayed  on  an  oscilloscope  and  recorded  on  an  X-Y  recorder.  The 
Lyman-a  signal  at  1215.67  A  had  a  signal  to  noise  ratio  of  over  10  to  1.  The 
response  time  of  this  arrangement  was  50  ysec.  Typical  synchronized  pressure 
and  absorption  traces  are  shown  in  Figure  3. 


Figure  3.  Synchronized  pressure  and  Lyman-a  absorption  traces.  A  mix¬ 
ture  of  IX  Ha-1X  Da  in  99 - 998%  argon  shows  considerable  absorption  around 
1400  K. 

RESULTS  AND  DISCUSSION 

A  number  of  shocks  were  run  over  the  temperature  range  1370-1760  K  with  an 
initial  pressure  pi^60  torr.  For  each  shock  the  Lyman-a  absorption  was 
recorded  using  the  spectrometric  system  described  earlier.  In  addition,  a  50 
ml  sample  was  collected  from  the  end  block  of  the  driven  section  for  mass 
spectral  analysis.  Analyses  for  Ha,  HD  and  Da  were  done  on  an  ATLAS  MAT  CH4 
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mass  spectrometer.  Dwell  times  were  approximately  2  msec. 

A  summary  of  the  experimental  results  is  given  in  Table  1 .  It  shows  the 
shock  temperature,  the  percent  absorption  at  the  neak  of  the  absorption  trace 
and  the  percent  conversion  expressed  as  {[HD]/[Da]}t  -  { [hd]/[d2] j 0.  Although 
the  data  are  somewhat  scattered  they  give  a  clear  picture,  in  particular  when 
compared  to  shocks  run  previously  in  conventional  (rather  than  ultra  clean) 
single  pulse  shock  tubes. 

The  exchange  results  obtained  in  the  present  study  (L,B  &  C  1980)  are 
shown  in  comparison  with  four  previous  studies.  They  are  expressed  in  a 
graphical  form  as  [HD]t/[HD]eq  plotted  against  the  temperature  and  are  shown 
in  Figure  4.  The  differences  in  the  extent  of  exchange  in  the  five  different 


Table  I 

Results  of  the  Exchange  Tests  in  the  Ultra  Clean  Shock  Tube 


Shock 

No. 

Shock  Temperature 

K 

Peak  Absorption 
in  Percent 

I [hd]/[d2 ] } t  -  ![hd]/[dJ}0 

1 

1370 

-\0 

0.8 

2 

1420 

1  .8 

3 

1430 

25* 

3.6 

4 

1440 

-60 

3.1 

5 

1495 

^6 

2.5 

6 

1505 

0,5 

1.5 

7 

1580 

^5 

6.4 

8 

1610 

16 

10.3 

9 

1710 

15 

15 

10 

1715 

17 

26 

11 

1760 

57 

27 

•unpurified  argon 


studies  are  striking.  In  the  early  studies  of  Bauer  &  Ossa1  and  Lifshitz  & 
Burcat2  a  few  percent  conversion  to  HD  were  already  obtained  at  1100  K  whereas 
in  the  present  study  a  temperature  of  1500  K  was  necessary  to  observe  the  same 
extent  of  exchange.  Vhen  looked  at  from  another  angle,  at  around  1400  K,  no 
(or  less  than  1$)  exchange  was  obtained  in  the  present  study,  whereas  in  the 
two  earlier  studies  mentioned  above,  35-50?  exchange  was  observed  at  that 
temperature.  The  only  difference  between  the  present  (L,B  A  C  1980)  and  the 
earlier  studies  (B  &  0  1966,  B  &  L  1967)  is  the  cleanliness  of  the  systems 
used.  In  the  present  study,  an  ultra-clean  shock  tube  has  been  used  and  no 
absorption  of  Lyman-a  radiation  was  detected  at  1400  K  (see  Table  I).  In  the 
previous  studies,  relatively  unclean  tubes  have  been  used,  and  no  purification 
of  the  gases  was  attempted.  Since  no  H  atom  detection  systems  were  coupled  to 
these  tubes,  no  information  is  available  as  to  how  many  H  atoms  were  present 
in  the  hot  gas.  However,  Lifshitz  and  Frenklach  examined  the  Lyman-a 
absorption  in  a  mixture  of  1?  Da-1?  Ha  in  prepurified  argon  (99-998?)  using 
the  same  tube  used  by  Lifshitz  and  Burcat  ten  years  earlier.  Under  the 
same  pumping  conditions  and  similar  overall  experimental  conditions,  almost 
complete  absorption  of  the  Lyman-a  radiation  was  observed  around  1 400  K.  This 
clearly  indicates  a  high  concentration  of  H  atoms,  probably  sufficient  to 
bring  the  exchange  close  to  equilibrium  via  the  H  +  Da  HD  +  D  chain. 

In  all  the  studies  performed  the  extent  of  HD  production  was  strongly 
dependent  on  the  cleanliness  of  the  shock  tube  used.  The  study  of  Lifshitz 


\ 


1608 1  Lifshitz  et  at. 

and  Frenklach  ( 1 976 ) 1 2  was  performed  in  a  relatively  clean  tube  but  not  as 
clean  as  the  present  one.  Extents  of  exchange  were  higher  than  the  ones  in 
the  present  study  but  considerably  lower  than  the  ones  reported  in  the  two 
early  studies.  (See  Figure  4.) 


Figure  4.  A  comparison 
between  five  exchange 
studies.  The  extent  of 
exchange  is  determined 
by  the  cleanliness  of 
the  tube. 


Actually,  Figure  4  represents  also  a  plot  of  [HD]t/[HD]eq  vs.  percent 
absorption  of  the  Lyman-a  radiation,  except  that  the  percent  absorption  scale 
is  different  for  each  study.  In  the  three  later  studies,  where  Lyman-a 
absorption  was  followed,  the  extent  of  exchange  was  higher  for  higher  optical 
densities.  The  percent  absorption  for  a  given  mixture  and  tube  conditions  was 
always  found  to  increase  with  temperature.  This  suggests  that  the 
concentration  of  H  atoms  increases  with  temperature.  The  X  axis  in  Figure  4 
may  be  very  well  replaced  by  H  atom  concentration  for  a  given  study. 

The  only  conclusion  that  can  be  drawn  from  this  analysis  even  before 
carrying  out  any  calculations  is  that  the  exchange  was  due  to  impurities  that 
generated  hydrogen  atoms  upon  shock  heating. 

Supporting  evidence  to  what  has  already  been  concluded  is  found  in  the 
rate  law  which  was  deduced  in  many  H/D  shock  tube  exchange  studies1’2’13-15. 

In  almost  all  cases,  a  strong  third  body  effect  was  observed  (effect  of  the 
argon  diluent) .  It  was  interpreted  as  the  participation  of  the  argon  in 
vibrationally  exciting  the  exchange  partners.  We  believe  that  the  strong 
dependence  of  the  exchange  rate  on  the  concentration  of  the  third  body  was 
related  to  its  function  in  stripping  off  the  absorbed  pump  oil  impurities  from 
the  shock  tube  walls  and  dissociating  them  as  well  as  the  hydrocarbon 
impurities  in  the  argon,  with  the  consequent  production  of  hydrogen  atoms. 

One  should  also  mention  the  exchange  studies  performed  by  Kern  et  al.,16 
who  determined  the  time  profile  of  the  HD  in  a  TOF  mass  spectrometer  coupled 
to  their  shock  tube.  They  found  a  rate  law  in  which  [HD]t  was  proportional  to 
t2.  Since  the  concentration  of  the  hydrogen  atoms  increases  linearly  with 
time  and  since  d[HD]/dt  is  proportional  to  [H]. ,  a  quadratic  time  dependence 
for  [HD]fc  must  show  up. 

|  Additional  supporting  evidence  for  the  radical  chain  mechanism  can  be 

,  obtained  by  the  following  simple  calculation.  For  this  mechanism,  at  low 

extents  of  reaction,  the  concentration  of  [HD]t  is  given  by: 

CHDJt  *  [H][DaJk,t  I 


On  the  assumption  that  the  mechanism  is  Indeed  a  chain  reaction  mechanism 
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(reactions  3  and  4)  let  us  calculate  what  should  be  the  H  atom  concentration, 
and  what  should  be  the  equivalent  Lyman-a  absorption  in  order  to  obtain  the 
same  extent  of  exchange  observed  by  Bauer  &  Ossa1  or  Lifshitz  &  Burcat2. 

At  1400  K,  ks  =  1.25x1012  cm3mole-1sec-1 .  For  a  2  msec  reaction  time 
(common  to  2  in  single  pulse  shock  tubes),  1 0%  exchange  will  require  (Eq.  I) 
an  average  concentration  of  H  atoms  of  4x10-11  mole/cc.  For  50%  extent  of 
exchange  the  value  will  be  somewhat  higher  than  2x10_1°  mole/cc.  In  an 
optical  path  of  2  in  with  a  conventional  atomic  resonance  light  source,  the 
latter  will  cause  at  1400  K  some  80%  absorption  of  Lyman-a  radiation  depending 
upon  the  specific  calibration  curve  chosen12*17.  In  view  of  the  Lifshitz  and 
Frenklach  measurements  of  Lyman-a  absorption  in  a  conventional  single  pulse 
shock  tube,  such  absorption  (and  even  higher)  would  certainly  be  observed  in 
the  Bauer  &  Ossa  or  Lifshitz  &  Burcat  experiments,  if  atomic  resonance 
detection  systems  were  attached  to  their  tubes. 

CONCLUSIONS 

On  the  basis  of  the  exchange  rates  obtained  in  this  study  and  their  comparison 
with  previous  exchange  studies,  it  is  believed  that  the  exchange  between  two 
hydrogen  molecules  observed  in  the  past  is  the  result  of  homogeneous  H  atom 
catalysis.  The  formation  of  a  4-center  transition  state  is  therefore  very 
doubtful. 
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MOLECULAR  BEAM  TECHNIQUE  FOR  RECORDING 
CHEMICAL  SPECIES  BEHIND  INCIDENT  SHOCK  WAVES 
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Stuttgart,  Pfaf fenwaldring  31,  7ooo  Stuttgart  80,  Germany 

It  is  the  purpose  of  the  present  paper  to  develop 
a  molecular  beam  technique  for  recording  continu¬ 
ously  the  concentration  of  chemical  species  behind 
the  incident  shock  wave  in  a  shock  tube.  The 
sample  is  drawn  through  a  diverging  nozzle  located 
at  the  end  of  the  low  pressure  section  of  the 
shock  tube.  The  inlet  diameters  of  the  nozzles 
are  l-1*  mm.  It  is  assumed  that  the  expansion  is 
so  fast  that  freezing  of  chemical  reactions 
occurs.  With  a  skimmer  a  molecular  beam  is  formed 
which  is  analyzed  with  a  quadrupole  mass  filter. 
Preliminary  experiments  were  performed  with  Np 
and  binary  mixtures  of  N£  and  Op  at  initial 
pressures  between  1  mbar  and  lo  mbar  and  at  Mach 
numbers  ranging  from  M§| =  6  to  =  1?  .  Experi¬ 
mental  results  are  compared  with  intensities  which 
are  determined  theoretically  assuming  a  Maxwellian 
distribution  function  behind  the  incident  shock. 

Y 

INTRODUCTION 

The  experimental  setup  used  in  this  paper  is  similar  to  devices, 
first  proposed  by  Skinner1 > 2 » * .  In  his  experiments  the  molecular 
beam  was  drawn  from  the  gas  heated  by  the  reflected  shock  wave. 
The  important  difference  is,  that  in  our  case  the  gas  sample  is 
drawn  continuously  from  the  flow  behind  the  incident  shock  wave, 
thus  a  nearly  undisturbed  sampling  is  possible.  The  shock  tube 
has  been  coupled  directly  to  the  molecular  beam  system  without 
using  a  second  diaphragm,  which  would  disturb  the  flow.  Pressure 
differences  occuring  between  the  low  pressure  section  of  the 
shock  tube  and  the  vacuum  chambers  of  the  molecular  beam  system 
are  compensated  by  differential  pumping.  In  the  low  pressure 
section  pressures  between  one  and  ten  millibar  are  used.  Behind 
the  expansion  nozzle  pressures  lower  than  lo"1’  millibar  are 
obtained  by  a  high  pumping  capacity.  As  a  consequence  of  this 
high  pressure  difference  the  nozzle  flow  starts  without  delay. 
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EXPERIMENTAL  CONFIGURATION 

In  Figure  1  the  principle  of  the  molecular  beam  apparatus  is 
shown . 


Fig.l  Schematic  diagram  of  molecular 
beam  apparatus 

The  low  pressure  section  of  the  shock  tube  ends  in  a  dumping  tank 
so  that  most  of  the  incident  gas  expands  into  this  tank.  The  gas 
sample  needed  for  the  measurement  is  drawn  through  a  supersonic 
nozzle  located  at  the  end  of  the  dumping  tank.  This  nozzle  cuts 
out  the  sample  from  the  core  of  the  flow  behind  the  incident 
shock  wave  and  expands  it  within  a  few  microseconds.  Freezing  of 
the  chemical  reactions  occurs.  Behind  this  nozzle  there  is  a 
skimmer  whose  entrance  diameter  is  in  the  order  of  some  mean  free 
paths  of  the  molecules  at  this  point.  Thus  a  molecular  beam  is 
formed.  The  position  of  this  skimmer  is  variable  in  axial  direc¬ 
tion  and  behind  the  skimmer  there  is  an  aperture  in  order  to 
keep  the  ambient  pressure  for  the  molecular  beam  as  low  as 
possible .Thus  in  the  detector  chamber  a  vacuum  of  approximately 
lo~7  millibar  is  obtained  and  interference  of  reflected  molecules 
with  the  beam  is  avoided.  Because  in  all  measurements  only  the 
core  of  the  flow  is  used,  no  disturbance  by  boundary  layer  effects 
can  occur  as  it  is  the  case  for  measurements  behind  reflected 
shock  waves,  in  which  the  gas  sample  is  drawn  through  the  thermal 
boundary  layer  on  the  end  plate  of  the  shock  tube.  The  molecular 
beam  is  analyzed  by  means  of  a  quadrupole  mass  filter,  which  is 
movable  in  three  directions.  In  each  run  the  concentration  of 
only  one  mass  is  measured,  because  the  duration  of  flow  is  in  the 
order  of  some  hundred  microseconds. 

The  exchangable  tips  of  both  nozzles  were  produced  galvanically 
to  get  an  extremely  sharp  nozzle  entrance  and  a  very  smooth 
inner  surface.  The  tips  of  the  expansion  nozzle  have  diameters 
between  one  and  four  millimeters  and  the  entrance  diameters  of 
the  skimmer  are  between  two  and  five  millimeters.  The  length  of 
the  shock  tube  is  8  m  and  the  inner  diameter  is  38  mm.  The  vacuum 
tank  of  the  molecular  beam  system  has  a  volume  of  o.7  m*.  Shock 
tube  and  first  dumping  tank  are  built  in  UHV-techniaue  to  ensure 
that  the  test  gas  could  not  be  impurified. 
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FEATURES  OF  THE  MOLECULAR  BEAM 

The  distance  between  the  expansion  nozzle  and  the  skimmer  defines 
the  freezing  time  of  the  reactions.  The  known  relation  for  the 
collision  number  leads  to  a  number  e  that  is  characteristic  for 
the  process  of  freezing.  When 


e  =  /  nocdt  , 

tf 


where  tf  is  the  freezing  time,  becomes  very  small,  the  process 
of  freezing  is  finished.  The  freezing  time  in  the  experiments 
carried  out  is  in  the  order  of  one  microsecond.  By  determination 
of  the  width  of  the  radial  beam  intensity  profile  in  the  mole¬ 
cular  beam  one  can  find  out,  whether  the  nozzles  are  well  posi¬ 
tioned.  Figure  2  shows  a  characteristic  axial  density  profile 
in  the  molecular  beam  behind  the  last  orifice,  whose  diameter 
was  ten  millimeters. 


M,  s  10.8  .  p^O.Smbor  .  Test  Gas  79%Nj  ,21%0? 


Fig. 2  Radial  density  distribution  in 
the  molecular  beam  for  different 
distances  L  between  skimmer  and  detector 

It  can  be  seen,  that  the  duration  of  flow  in  the  molecular  beam 
is  much  longer  than  the  flow  in  the  shock  tube,  which  is  caused 
by  the  molecular  velocity  distribution  of  the  particles  in  the 
shock  tube.  Figure  3  shows  a  typical  ion  profile  in  air  measured 
with  a  Langmuir  probe  in  the  shock  tube  and  Figure  ^  shows  the 
corresponding  ion  current  in  the  molecular  beam  measured  with  a 
Faraday  cup. 

Assuming  a  Maxwellian  velocity  distribution  for  the  molecules  in 
the  flow  behind  the  shock  wave  and  using  the  flow  variables  after 
the  expansion  as  initial  conditions  one  can  derive  an  analytical 
expression  for  the  particle  current  in  the  molecular  beam.  The 
calculation  takes  into  account  the  geometry  of  the  experimental 
setup  and  the  shape  and  length  of  the  density  profile  of  the 
particles  in  the  flow  behind  the  shock  wave. 
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Fig. 3  Ton  profile  in  the  shock  tube 
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Fig. 4  Ion  profile  in  the  molecular  beam. 

Experimental  conditions: 

Test  Gas  79  *  N2,  21  %  02; 

Mg  =  lo,8;  Pj  =  o,8  mbar; 

Ions:  N0+. 


f 


1614| 


Arndt  and  Frohn 


For  the  particle  current  in  the  molecular  beam  the  following 
result  is  found: 


I1(t) 


B 


x 

(—  +  -ji-)  exp( -  X? )  +o  ( 1-er f  x.  ) 
2m1 


for 


t  <  t1 


and 


I2(t) 
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x 

-~-)exp(-x^)-(—  + 
cm  1  2 


^i-)exp(-Xp 


C  P 
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X1 


where  t1 
and 
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for  t  >  t^ 

is  the  length  of  the  ion  profile  in  the  shock  tube 
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The  two  expressions  for  I^Ct)  and  I2(t)  give  the  arrival 
conditions  at  the  detector  for  molecules  which  are  in  the 
volume  A*u*t.,  in  the  flow  behind  the  incident  shock  wave,  when 
t^  is  the  duration  of  flow  in  the  shock  tube,  u  the  flow  velo¬ 
city  and  A  the  entrance  area  of  the  skimmer.  As  the  calculation 
not  only  includes  the  mass  dependent  particle  current  with 
respect  to  time  but  also  the  mass  dependent  radial  intensity 
distribution  the  measured  concentration  profiles  in  the  molecular 
beam  can  be  corrected  by  comparison  with  the  calculated  profiles. 
The  comparison  between  a  measured  and  a  calculated  ion  profile  in 
the  molecular  beam  is  shown  in  Figure  for  N0+ .  Figure  5  shows 
an  example  of  a  neutral  density  profile  in  the  molecular  beam. 


50  M*/cm 


0.1  V  *  tO17  par f icits/ cm2  stc 
Mt  >10.6  .  p,  *  0,8mbar  L  s  50cm 
T«»t  Gas  79%N,.21%0? 


Fig. 5  Density  profile  of  NO  in  the  molecular  beam 
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Measurements  of  the  beam  concentration  under  various  conditions 
have  shown,  that  the  measured  beam  intensity  is  a  function  of  the 
distance  between  nozzle  and  skimmer  as  it  is  shown  in  Figure  6. 

At  very  short  nozzle-skimmer  distances  the  intensity  decreases 
rapidly. 


Fig. 6  Beam  intensity  in  dependence  of  the  skimmer 
position 

Figure  7  shows  particle  energies,  measured  in  the  molecular  beam. 
The  shock  Mach  numbers  in  the  range  between  M  =8  and  M  =  1? 
were  chosen  because  of  the  reactions  which  areSinvestigatedf 
Higher  and  of  course  lower  particle  energies  are  available. 


Fig. 7  Particle  energies  in  the  molecular  beam 
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Previous  measurements  at  the  well  known  high  temperature  system 
N^-Op  have  shown,  that  it  is  possible  to  measure  with  the 
described  experimental  setup  continuously  the  concentrations  of 
reaction  products  that  originate  behind  incident  shock  waves.  In 
the  system  Np-Op  thermal  ionization  occurs,  where  the  ion  N0  + 
dominates.  Tnus^the  system  car  be  used  to  calibrate  the  mass 
filter  so  that  absolute  concentration  measurements  become 
possible.  As  the  transformation  of  the  density  profile  in  the 
shock  tube  to  the  density  profile  in  the  molecular  beam  is  given 
by  an  analytical  expression  the  time  dependent  particle  concen¬ 
trations  can  be  measured  in  the  molecular  beam. 
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SHOCK  TUBE  STUDY  OF  THE  THERMAL  DECOMPOSITION 
OF  HYDROGEN  CYANIDE 


Attila  Szekely,  Ronald  K.  Hanson  and  Craig  T.  Bowman 

High  Temperature  Gas  Dynamics  Laboratory 
Department  of  Mechanical  Engineering 
Stanford  University 
Stanford,  CA  94305 


The  decomposition  rate  of  hydrogen  cyanide, 

HCN+M-*H  +  CN  +  M  (M=Ar) 

has  been  determined  in  the  temperature  range  3570  -  5036  K  using  a  shock  tube 
technique.  HCN  -  Ar  mixtures  (3  -  142  ppmv  HCN)  were  heated  by  incident  shock 
waves  at  post-shock  pressures  of  0.17  -  0.29  bar,  and  CN  emission  from  the 
B2E+  -*  X2Z+  system  rear  388  run  was  used  to  monitor  the  time-varying  CN 
concentration.  Interferences  from  secondary  reactions,  including: 

i  tli; 

CN  +  HCN  ,fc2N2  +  H 
H  +  HCN  -A  H2  +  CN 

were  minimized  by  using  low  initial  HCN  mole  fractions.  An  important 
feature  of  the  present  experiments  is  that  the  emission  records  extend  to 
long  enough  times  for  the  HCN  to  be  converted  completely  to  CN,  thereby 
making  the  emission  intensity  traces  self-calibrating.  The  experimental 
data  are  closely  fit  by  the  Arrhenius  expression 

k^  =  10^^'^  -  exp [  (-44740  ±  1060/T) ]  cc/mol-sec 

The  present  rate  coefficient  data,  together  with  data  at  lower 
temperatures  (2200  -  3300  K)  by  Roth  and  Just  [1]  and  Roth  [2],  have  been 
analyzed  using  unimolecular  reaction  rate  theory. 
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I .  INTRODUCTION 

The  kinetics  of  hydrogen  cyanide  are  of  current  interest  in  studies  of 
pollutant  formation  from  the  combustion  of  fuels  containing  organically 
bound  nitrogen.  As  a  first  step  in  a  program  to  investigate  the  pyrolysis 
and  oxidation  of  HCN,  an  experimental  study  of  the  unimolecular  decomposition 
of  hydrogen  cyanide: 

kl 

HCN  +  M  -*•  H  +  CN  +  M  (1) 


was  undertaken. 

The  only  prior  determination  of  k^  is  due  to  Roth  and  Just  [1],  who 
measured  the  rate  coefficient  in  the  temperature  range  2200-2700  K  using 
H-atom  resonance  absorption.  Subsequent  studies  by  Roth  [2]  have  extended 
this  range  to  3300  K.  The  present  experiments,  based  on  an  alternative 
measurement  scheme,  using  CN  emission,  provide  data  in  the  temperature  range 
3570-5036  K.  The  combined  temperature  range  of  these  three  studies  is 
nearly  3000  K,  thereby  enabling  an  accurate  assessment  of  the  temperature 
dependence  of  the  rate  coefficient  and  contributing  to  a  better  understanding 
of  the  unimolecular  decomposition  of  small  molecules. 

II.  EXPERIMENTAL 


The  experiments  were  carried  out  behind  incident  shock  waves  in  a  15-cm 
internal  diameter  stainless  steel  shock  tube.  Diaphragms  made  of  Lexan,  1.0 
to  1.8  mm  thick,  were  ruptured  by  increasing  the  driver  gas  (He)  pressure 
until  the  plastic  was  punctured  by  a  fixed  crossed-knife  device  located 
downstream.  Prior  to  each  run^  the  shock  tube  was  evacuated  with  a  diffusion 
pump  to  a  pressure  of  6  x  10  torr  or  lowe£,  with  a  combined  leak  and 
outgassing  rate  typically  less  than  3  x  10  torr/min. 


Two  sets  of  experiments  were  conducted,  with  hydrogen  cyanide  supplied 
by  two  different  manufacturers.  Scientific  Gas  Products  supplied  a  mixture 
of  3.19%  HCN  in  krypton,  with  an  estimated  level  of  impurities  of  less  than 
20  ppmv,  the  main  impurity  being  water.  Airco  Industrial  Gases  supplied  an 
analyzed  mixture  containing  1.01%  HCN,  <5.4  ppmv  CO2,  <2  ppmv  HjO,  <1  ppmv 
0  ,  <0.2  ppmv  S0„,  and  the  balance  argon.  Mixtures  of  HCN  in  Ar  were 
prepared  by  partial  pressures  immediately  before  each  run  in  a  stainless 
steel  tank  and  mixed  with  an  externally-driven  stirring  rod.  Initial 
pressures  in  the  test  section  were  in  the  range  2-6.5  torr,  with  HCN  mole 
fractions  of  3  to  142  ppmv.  Post-shock  pressures  varied  from  0.17  to  0.29 
bar. 


The  progress  of  the  decojp£sitign+teaction  was  monitored  by  measuring 
CN-radiation  in  the  violet  (BE  +  X  E  )  system  around  388  nm,  using  a  Bausch 
and  Lomb  1/4-meter  monochromator  with  a  spectral  bandwidth  of  16  nm,  coupled 
to  a  Dumont  7664  photomultiplier  tube.  The  radiation  profile  was  recorded 
on  a  Nicolet  Explorer  III  digital  oscilloscope  with  a  resolution  of 
0.5  ys/data  point.  The  spatial  resolution  of  the  optical  system  was  varied 
from  3  to  6.5  mm  by  adjusting  the  entrance  and/or  exit  slits  of  the 
monochromator  or  by  changing  the  horizontal  width  of  a  slit  placed  between 
the  shock  tube  and  the  monochromator.  Additionally,  the  electronic  response 
time  of  the  system  was  varied  in  the  range  1.5-2. 5  Us  by  using  low-pass 
filters  with  different  cut-off  frequencies.  In  this  way  adequate  ratios  of 
chemical  reaction  time  to  shock  transit  time  and  electronic  rise  time  could  be 
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achieved,  while  maintaining  a  good  signal  to  noise  ratio.  A  typical 
experimental  trace  of  CN  emission  intensity  as  a  function  of  laboratory 
time  is  shown  in  Fig.  1. 

III.  DATA  REDUCTION 

In  all  the  experiments,  very  small  concentrations  of  HCN  were  used, 
so  that: 


1.  the  heated  gas  is  optically  thin,  and 

2.  the  post-shock  temperature  is  essentially  constant  during  the  test 
time  employed  for  rate  coefficient  determination  (<400  sec). 

If  V  is  the  output  voltage  of  the  detector  and  I  the  intensity  of 
spontaneous  emission  incident  on  the  detector,  within  the  spectral  bandwidth 
of  the  monochromator,  then: 


VCt  I  a  [CN]L<j>  (T) 

where  [CN]  is  the  time-dependent  CN  concentration,  L  the  shock  tube  diameter 
and  <P  (T)  a  function  of  temperature  which  takes  into  account  the  CN 
spectroscopy  and  the  optical  arrangement.  Since  T  is  essentially  constant 
throughout  an  experiment. 


V  =  const,  x  [CN] 

and  the  CN  concentration  time  history  is  given  by  the  V  vs.  time  record. 

The  rate  coefficient,  kj,  was  determined  by  matching  measured  and 
calculated  histories  of  [CN]/[CN]max,  where  [CN]max  is  the  maximum  [CN] 
concentration  attained  within  a  given  experiment.  The  following  five- 


reactl  n  mechanism  was  employed  in  the  analysis: 

HCN  +  M  -*■  H  +  CN  +  M  (1) 

H  +  HCN  H  +  CN  (2) 

2 

CN  +  HCN  ->•  C2N2  +  H  (3) 

C2N2  +  M  CN  +  CN  +  M  (4) 

H2+M  H  +  H  +  M  (5) 


Forward  and  reverse  reactions  were  included,  the  rate  constants  used  being 
given  in  Table  I.  A  sensitivity  study  showed  that  CN  formation  is  dominated 
by  Reaction  (1)  for  the  initial  HCN  concentrations  employed.  The  influence 
of  the  other  reactions  is  negligible  for  a  range  of  reasonable  values  of  the 
rate  coefficients  (See  Figs.  2  and  3).  The  presence  of  a  CN  emission  plateau 
in  all  experiments,  together  with  a  consistent,  concentration-independent 
vmax/IHCN^o  V8,  T  curve,  confirms  the  fact  that  CN-removing  reactions 
play  only  a  minor  role  within  the  reaction  times  of  interest.  Table  II 
lists  the  experimental  conditions  and  the  determined  k]-values  for  all  the 
runs.  The  tabulated  kj-data  were  fit  to  an  Arrhenius  expression  in  the 
temperature  range  3570  -  5036  K,  Fig.  4.  The  best  least-squares  fit  to 
the  data  is  given  by: 
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k1  =  10(14'61±  °‘11)exp[(-44740±  1060)/T]  cc/mol-sec 

corresponding  to  an  activation  energy  of  372.1  kJ/mol,  significantly  lower 
than  the  endothermicity  of  the  reaction  (AH^  =  502.3  kJ/mol  [3];  see 
discussion) . 

IV.  DISCUSSION 

The  low  initial  HCN  concentrations  used  in  the  present  study  were  chosen 
so  as  to  minimize  the  contribution  of  secondary  reactions,  especially  (3),  to 
the  removal  of  HCN.  Experiments  in  progress  suggest  a  value  of  k3  of  about 
3  x  lO1^  cc/mol-sec  in  the  temperature  range  3500  -  4200  K.  For  the  lower 
limit  of  the  temperature  range  of  the  present  experiments,  reaction  (3)  limits 
the  initial  HCN  concentration  to  several  tens  of  ppmv  if  significant  kinetic 
interference  is  to  be  avoided. 

The  fact  that  experiments  performed  with  HCN  from  two  different  sources 
are  in  excellent  agreement  indicates  that  impurities  present  in  the  gases 
did  not  affect  the  determination  of  the  rate  coefficient.  The  effect  of 
impurities  such  as  H2O  and  O2  in  the  test  mixture,  due  to  leaks  and 
outgassing,  was  investigated  analytically  and  found  to  influence  the 
determination  of  k-^  only  minimally. 

A  reported  source  of  error  in  determining  kinetic  parameters  by 
monitoring  radiation  from  electronically  excited  CN  is  the  possibility 
that  CN(B2E+)  is  not  in  equilibrium  with  CN (X2E+) [ 4 ] .  If  CN(B2E+)  is 
not  in  equilibrium  with  CN(X2£+),  however,  then  it  should  only  differ  from 
the  equilibrium  value,  CN(B2£+)e  ,  by  a  temperature  and  pressure-dependent 
factor  which  is  given  by  a  combination  of  collisional  activation  and 
deactivation  and  radiative  quenching  rate  coefficients.  Since  both  T  and 
P  are  essentially  constant  throughout  the  present  experiments,  the  ratio 
[CN(B2E+)]/[CN(B2E+)]lnax  should  be  equivalent  to  [CN]/[CN]max  at  all  times. 

For  the  present  experimental  conditions,  reaction  (1)  is  within  the  low 
pressure,  second  order  regime.  According  to  weak-exchange  process  theory 

[5], 


k 


1 


K  ki 


s.c. 


(6) 


where  3C  is  the  weak-collision  factor,  and  k^8"0,  is  the  strong-collision 
rate  coefficient.  k^8-C‘  can  be  computed  using  methods  outlined  in  [5]. 

For  our  conditions,  the  values  of  3c  range  from  about  0.02  at  5000  K  to 
0.04  at  3600  K,  which  is  within  the  range  for  experimentally  determined 
3^8  for  the  decomposition  reactions  of  other  small  molecules  [5].  In  addition, 
the  temperature  dependence  of  3C  over  the  temperature  range  2200  -  5000  K 
was  determined,  using  the  present  experiments  together  with  those  reported 
in  fl-2].  The  individual  3C  -  values  together  with  a  best  least-squares  fit: 

g  „  10(6.75±  0.42)t-(2.27 ±  0.12) 


(7) 
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are  plotted  In  Fig.  5.  The  temperature  exponent  is  in  reasonable  agreement 
with  the  value  suggested  by  Rabinovitch  and  coworkers  [7,8]  in  the  weak- 
collision  limit.  Fig.  6  shows  the  present  kj-values,  the  data  of  Refs. 

1  and  2  and  a  plot  of  k^  vs.  T  obtained  by  using  Equation  (6)  with  $c 
given  by  Equation  (7) . 
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TABLE  I 


f 


I 


\ 


* 

Reaction  Rate  Coefficient  Reference 


HCN  +  M-+H  +  CN+M 

4.07  x  10Uexp(-44740/T) 

Present  experiments 

H  +  HCN  ->■  H2  +  CN 

2  x  1012 

Estimate 

CN  +  HCN  ->  C2N2  +  H 

3  x  1013 

Estimate  (based  on 
experiments  in 
progress) 

C2N2  +  M  +  2CN  +  M 

[3.51  x  1012/5l]T1/2(63160/T)5x 

exp (-63160/T) 

4 

H2  +  M  -+  2H  +  M 

2.2  x  1014  exp (-48310/T) 

9 

*  cc/mol- 

sec 

TABLE  11 

Run  // 

TOO 

P2(bar) 

*HCN(ppmv) 

k^(cc/mol-sec) 

1 

3570 

0.26 

2.7 

1.74  x  10^ 

2 

3613 

0.26 

17.0 

1.82  x  10~ 

3 

3650 

0.22 

3.5 

1.74  x  10q 

4 

3730 

0.25 

36.0 

2.56  x  10q 

5 

3770 

0.22 

3.0 

2.78  x  10q 

6 

3770 

0.26 

142.0 

2.54  x  10q 

7 

3776 

0.25 

73.0 

2.94  x  10q 

8 

3800 

0.25 

17.0 

3.42  x  10q 

9 

3840 

0.22 

60.0 

3.50  x  10q 

10 

4020 

0.19 

27.0 

5.88  x  10q 

11 

4039 

0.29 

72.0 

6.47  x  10q 

12 

4065 

0.31 

19.0 

7.00  x  10q 

13 

4120 

0.29 

17.0 

7.80  x  10q 

14 

4220 

0.26 

36.0 

9.00  x  10q 

15 

4275 

0.23 

12.0 

9.07  x  10, 

16 

4355 

0.20 

19.5 

1.50  x  io:“ 

17 

4545 

0.20 

22.0 

2.60  x  10,“ 

18 

4580 

0.19 

15.0 

1.92  x  10,^ 

19 

4820 

0.19 

20.0 

3.00  x  10,“ 

20 

4920 

0.18 

22.0 

5.35  x  10,“ 

21 

4920 

0.18 

22.2 

5.35  x  10:“ 
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The  thermal  decomposition  of  hydrogen  azide  dilute  in  argon 
has  been  studied  in  the  pressure  region  from  55  to  200  Torr, 
between  850  and  2000  K.  The  evolution  of  species  such  as  HN-j 
NH(1a) ,  NH(3E~),  NH2  and  N^  was  monitored  behind  incident 
shock  waves  using  emission  techniques.  At  temperatures  T„ 
lower  than  1250  K,  the  fast  consumption  of  HN,  was  prec 
by  an  induction  period  which  became  negligible  at  higher 
temperatures .For  T2>  1250K,the  apparent  rate  constant  of 
the  deccnposition  process , determined  from  HN3  half-life, was 
found  to  be  of  first  order  in  both  HN3  and  Ar.  r 
With  mixtures  containing  0.5  mol  %  HN^  and  1250<  T2(K)<1400, 
our  investigation  yielded  an  expression  which  is  in  good 
agreement  with  that  of  Kajimoto  et  al.  in  the  same  tenpera- 
ture  and  dilution  ranges, but  at  higher  pressures. However  in 
opposite  to  Kajimoto  et  al.'s  results,  NHPA)  was  found  to 
be  the  principal  product  of  primary  reaction  step  whereas 
NH(3r~) ,  I«2  and  N,  appeared  to  be  secondary  products.  At 
T2  >  1450  K,  the  activation  energy  was  much  lower  than  that 
determined  by  Demin  et  al.  at  higher  pressures  .With  mixtu¬ 
res  containing  2  mol  %  HN^,  the  rate  constants  were  higher. 


INTRODUCTION 


Previous  studies  have  brought  seme  information  about  the  general  cha¬ 
racteristics  of  the  explosive  deccnposition  of  hydrogen  azide, HN^,  when  a 
laminar  flame  as  well  as  a  detonation  take  place  (1-4)  .Ibis  gaseous  compound 
is  very  endothermic  and  able  to  sustain  a  flame  at  very  lew  pressures  and  in 
highly  dilute  mixtures  .The  mechanism  of  explosive  deccnposition  is  complex  and 
its  study  has  shown  that  HN3  is  a  source  of  NH  radicals  and  vibrational ly 
excited  nitrogen  molecules  (5) . 


( 


Thermal  deccnposition  of  HN^  dilute  in  argon  has  been  already  studied 
in  shock  tubes  with  monitoring  by  spectroscopic  techniques  (6,7)  but  the  data 
reported  by  the  different  authors  are  in  disagreement  on  several  points. In  the 
lew  temperature  range  studied  by  Zaslonko  et  al.  (8), the  reaction  is  essential¬ 
ly  a  chain  process  with  a  rather  extensive  induction  period  followed  by  a  rapid 
deccnposition  of  HN, .  The  appearance  of  a  vibrational  non-equilibrium  during 
deccnposition,  due  to  the  formation  of  vibrationally  excited  nitrogen  molecules 
and  the  transfer  of  energy  to  HN,  molecules,  would  explain  that  the  reaction 
order  and  the  activation  energy  varied  with  pressure  between  1  and  6  atm.  At 
lower  pressures,  the  order  would  be  equal  to  2. According  to  Kajimoto  et  al . (7) 
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the  reaction  rate  was  of  first  order  in  both  HN3  and  Ar  in  the  600-2200  Torr 
pressure  range, and  the  primary  step  yielded  to  the  formation  of  N2  and  fW (3l~) , 
whereas,  for  Zaslonko  et  al. ,  NH(1a)  was  the  first  radical  produced. 

Because  of  these  uncertainties,  we  have  reinvestigated,  in  a  large  tem¬ 
perature  range  and  for  two  distinct  mixtures  but  at  lower  pressures, the  ther- 
mal  decomposition  of  shock,  -heated  HN,  dilute  in  Ar,  using  infrared, visible  and 
ultra-violet  emissions  with  the  aim  of  precising  HN^  pyrolysis. 

EXPERIMENTAL. 

Details  of  the  preparation  of  gaseous  HN,  have  been  given  previously 
(9) .  Briefly, HN,  was  obtained  from  the  reaction  of  concentrated  orthcphosphoric 
acid  with  sodium  azide  at  40°C.Mass  spectra  did  not  reveal  any  presence  of  iitpu- 
rities  in  the  prepared  azide. 

Mixtures  of  HN,  diluted  to  98  and  99.5  mol.%  with  Argon  were  heated 
behind  incident  shock  waves  to  temperatures  of  850  to  2000  K  and  postshock 
pressures  of  0.04  to  0.25  atm. 

The  shock  tube  which  consisted  of  separate  elements  carefully  joined 
in  line,  was  entirely  itade  of  glass  with  an  inner  diameter  of  22  +  0.1  mm. 

The  driver  and  driven  sections  were  1.15  m  and  2.15  m  long  respectively,  separa¬ 
ted  with  a  diaphragm  which  was  made  of  a  Terphane  sheet  of  5  um  thickness 
and  placed  in  a  quick-change  mount. Prior  to  diaphragm  bursting, the  shock  tube 
was  evacuated  down  to  a  pressure  of  10“ ^  Torr,  then  filled  with  Helium  in  the 
driver  section  and  wdth  the  gaseous  mixture  in  the  driven  section. 

The  optical  setup  consisted  -  of  a  series  of  plane  windows,  10  mm  dia., 
mounted  on  a  flat-milled  piece  of  glass  tube, and  made  of  quartz  or  KRS  5  accor¬ 
ding  to  the  spectral  region  of  interest,  -  of  one  cooled  InSb  detector  with  a 
maximum  spectral  response  near  4.67  urn  frequency  -  of  photomultipliers  type  RCA 
IP  21  and  Hamamatsu  R  928  for  visible  and  UV  radiations  -  of  narrow  bandpass- 
filters  chosen  to  follow  species  such  as  HN,:  4.67  pm,  NHpA):  326.5  nm  (HBW: 

9.3  nm),  EH(  E_) :  338.1  nm  (HBW:  9.1  nm) ,  Nh2:  600  rm  (HBW:  9.33  nm) ,  N3:270  nm 
(HBW:  9.7  nm)  and  one  210  nm  filter  (HBW:  13  nm) .  The  optical  signals  were  am¬ 
plified  with  a  high  speed  electrical  device  and  recorded  on  oscilloscopes  si¬ 
multaneously  with  pressure.  A  series  of  piezoelectric  gauges  (Model  LEM  20H48 
and  20H47) ,  flush  with  the  inside  wall  and  equally  spaced  over  a  0.7  m  distance 
along  the  driven  section,  could  determine  the  precise  time  at  which  the  incident 
shock  front  passed  along  the  observation  windows  and  also  measure  the  incident 
speed  and  vrave  deceleration.  Since  all  circuit  elements  had  a  fast  response, no 
significant  errors  could  be  attributed  to  electronic  sources. 

Incident  shock  parameters  were  computed  in  the  conventional  way  from 
incident  shock  velocities  and  gas  initial  conditions  with  taking  the  heat  capa¬ 
city  of  hydrogen  azide  into  account  and  the  growth  of  a  laminar  boundary  layer 
behind  the  shock  front  (10) . 

RESULTS. 


a)  Time  histories  of  the  IR,  visible  and  UV  emission  records. 

The  feature  of  HN,  (v_)»  NH(  A),  NH(  E  ),  N,  and  Mi-  emissions,  so  as 
the  210  rm  emission  is  drawn  with  respect  to  particle  tine  In  Fig.l  and  2  for 
0.5  and  2%  HN,  molar  fractions,  in  the  whole  range  of  temperature  studied. 

Time  zero  is  representative  of  the  shock  wave  arrival,  determined  by  the  rapid 
pressure  jump.  Each  vertical  column  corresponds  to  experiments  made  at  similar 
shock  temperatures .  Distinct  experiments  are  noted  with  dotted  and  solid  lines. 

The  4670  nm  radiation,  I  _,  corresponds  to  the  molecular  vibration  fre¬ 
quency  v2  of  the  antisymmetric  oscillator  of  the  HN,  molecule.  Iv-  increased 
during  a  non  negligible  lapse  of  time  xv  which  is  attributed  to  vibrational  re¬ 
laxation,  then  it  reached  a  maximum  value  1°  .  At  lew  temperatures,  the  rapid 


Typical  records  of  IR,  visible  and  UV  emissions  behind  the  incident 
shock. 

Mixture  {0.005  HN3  +  0.995  Ar} 

Particle  times  (on  x-axis) ,  shock  temperatures  (K)  and  pressures 
(T=Tcarr)  noted  inside  frames  are  calculated  without  taking  into 
account  boundary  layer  effects. 


Typical  records  of  IR,  visible  and  UV  emissions  behind  the  incident 
shock. 

Mixture  {0.02  HN3  +  0.98  Ar} 

Particle  tines  (on  x -axis) ,  shock  temperatures  (K)  and  pressures 
(T=Torr)  noted  inside  frames  are  calculated  without  taking  into 
account  boundary  layer  effects. 
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decrease  of  the  infrared  signal  was  observed  after  a  rather  long  delay  depen¬ 
ding  on  terperature  and  pressure,  which  corresponds  to  the  induction  lag,  t.  , 
as  defined  by  Zaslonko  et  al.  (8) .  curing  this  lag  ,  the  emission  intensity 
increased  cwinq  to  activation  of  HN^  (v2)  by  active  centers  such  as  vibratio- 
nally  excited  molecules.  Accumulation  of  such  centers  up  to  a  well-determi¬ 
ned  concentration  would  be  the  cause  of  the  rapid  acceleration  of  the  reaction 
(11)  • 


Observation  of  emission  signals  shewed  that  no  stationary  state  was 
obtained  simultaneously  for  both  states  of  NH  radicals.  In  the  general  case, 
Mi(3E  ) :  338  rm  appeared  noticeably  delayed  with  respect  to  the  formation  of 
ttt(lA)  :  326  nm  and  almost  at  the  same  time  as  NH2:  600  nm.  NH(3C-) ,  NH_  and  N 
radicals  are  found  to  be  produced  in  secondary  reactions.  At  the  far  UV  J 
wavelength  A =210  nm,  the  species  emitting  after  a  very  long  lapse  of  time 
could  not  be  attributed  to  HN3  molecule  as  Kajimoto  et  al.  did  for  the  206. 2nm 
absorption  (7) . 


b)  Induction  period. 

The  fast  consumption  of  HU.  is  preceded  at  low  temperatures  by  a  long 
induction  period  as  shewn  above.  As  the  kinetic  scheme  of  the  decomposition 
process  is  a  complex  one,  t  depends  not  only  on  tenperature  but  also  on  the 
concentration  of  the  components.  According  to  Zaslonko  et  al.  (8) ,  this  depen¬ 
dence  can  be  represented  by  the  following  expression: 

K)1'68 

.  .  in  ms,  [HN,]  and  [Ar]  in  mol.l  1) ,  deduced  from  experiments  performed 
between  900-1300  K,  0.4-2. 5  atm  and  for  1-5.4  mol.%  HN3  in  Ar. 


HN^  molar 
fraction 

t2 

(K) 

p2 

(Torr) 

Texp 

(ms) 

,  Tcalc . 
(us/ 

0.02 

1238 

159 

1031 

995 

1335 

199 

130 

279 

0.005 

1223 

197 

890 

9804 

1341 

197 

164 

2764 

Table  1:  Comparison  between  experimental  and  calculated 
(8)  induction  periods. 

In  the  present  study,  measurements  of  induction  periods  have  been  made  for  si¬ 
milar  temperatures  and  dilutions  but  at  lower  pressures  (Table  1) .  The  experi¬ 
mental  values,  t__,  compared  with  those  calculated  from  Ref.  (8),  x  .  , 
shewed  that  the  Stpression  given  above  is  only  valid  for  the  mixtur ecroftta i ni ng 
2  mol.%  HN^  at  the  lowest  temperature. 

c)  Effect  of  vibrational  non-equilibrium. 

Under  thermodynamic  equilibrium  conditions,  the  assumption  of  a  Boltzmann 
distribution  of  molecules  over  the  vibrational  levels  yields  the  Arrhenius 
law  for  the  chemical  reaction  rate  constant.  If  the  vibrational  relaxation 
time,  t  ,  and  the  chemical  reaction  time,  t  ,  are  on  the  same  order  of  magnitude, 
then  the  vibratioral  terperature  of  the  reacting  molecules,  T  ,  may  differ  from 
the  translational  terperature,  T.  Thereafter,  the  reaction  rate  constant  appears 
to  be  dependent  on  vibrational  terperature  (12)  and  a  certain  degree  of  vibra¬ 
tional  non-equilibrium  is  to  be  expected  during  the  course  of  the  reaction. 
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The  following  competing  processes  will  lead  to  deviations  in  the 
Boltzmann  vibrational  distribution  of  the  initial  HN,  molecules: (i) deccnpcsition 
of  the  HN-3  molecule  after  the  total  amount  of  stored  vibrational  energy  has 
reached  the  activation  level, the  lcv^r  vibrational  levels  being  depopulated 
in  this  case;  (ii)  selective  pumping  of  the  antisyrrmetric  mode  \>2  of  HN,  due  to 
a  quasi-resonant  V-V  exchange  with  vibrationally  excited  nitrogen  molecules; 
(iii)  non-resonant  vibrational  exchange  with  the  reaction  products;  (iv) 
various  V-V,  V-V'  and  V-T  relaxation  processes. 

The  measurement  of  the  infrared  radiation  at  4 . 67  um  wavelength  was 
used  for  studying  non-equilibrium  phenomena  and  especially  deviations  from 
equilibrium  with  respect  to  one  of  the  vibrational  degrees  of  freedom,  such  as 
vibrational  relaxation  times  at  high  temperatures . 

1)  Vibrational  Boltzmann  distribution. 

O 

According  to  Ref .13,  the  equilibrium  emission  intensity,  Iv  .normalized 
to  HN3  concentration  p  is,  for  the  case  of  an  optically  thin  layer ,  “propor tio- 
ral  to  the  vibrational  energy  of  the  mode  V2,  that  is: 


p  n  \>2 

exP  kT  1 
v 

where  h  is  the  Planck  constant,  k  the  Boltzmann  constant  and  K,  a  constant  fac¬ 
tor  proper  to  the  apparatus. 

If  assumption  is  made  of  a  Boltzmann  distribution  in  the  mode  v^,  then: 


-r 


as  T^  equals  T^  which  is  the  initial  translational  temperature  behind  the  inci- 
dentvshock  wave.  The  validity  of  the  optically  thin  layer  approximation,  which 
is  essential  for  the  determination  of  concentration  of  chemical  species  to  be 
proportional  to  the  emission  intensity,  is  verified  b^  the  data  given  in 
Fig. 3  displaying  the  dependence  with  temperature  of  I  /p  normalized  to  a 
reference  for  both  mixtures  studied.  2 

It  is  clearly  seen  that  the  data  for  the  0.5  mol.%  HN3  mixture  (black 
dots)  practically  coincide  with  the  corresponding  values  for  a  molar  fraction 
of  2  %  (white  dots) .  Therefore,  a  deviation  of  the  function: 


2  p  2 

*  =  — —  •  jst  - ftjz - - 

v2  exp^-i 

from  unity  will  evidence  a  difference  between  the  distribution  function  and 
the  Boltanann  one  .Fig.  4a  and  4b  display  the  temperature  dependence  of  the 
function  <p  for  both  mixtures.  Analysis  of  these  data  showed  that  at  T0>  1000  K, 
f  <  1,  which  demonstrated  an  evident  disturbance  of  a  Boltzmann  energy  distri¬ 
bution  in  the  mode  v_  of  HN-j.  A  similar  conclusion  was  made  in  Ref .12  for  the 
moncrrolecu lar  deccrposition  of  the  N_0  molecule. 
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Figure  3:  Logarithm  of  experimental 
I°2  /p  normalized  to  a  reference 

I°^/p'  versus  shock  temperature  . 


•  :Mixture  {0.005  HN-.  +  0.995  Ar} 
o  sMixture  {0.02  HN^  +  0.98  Ar  } 


Figure  4:  Variation  of  the  factor  f  ,  determined  frcm  experimental 
4.67  pm  emission  intensities,  with  shock  temperature  . 

Comparison  with  Boltzmann  distribution  in  the  v_  mode  of 
HN_.  molecule. 

J  (a) :  A  :  Mixture  {0.005  HN-,  +  0.995  Ar} 

(b):»:  Mixture  {0.02  HN^  +  0.98  Ar} 

2)  Vibrational  relaxation 

The  relaxation  time,  t  ,  of  the  antisymmetric  vibration  of  HMj^)  has 
been  studied  from  emission  atv4.67  pm  for  both  0.5  and  2  mol.%  HN^  mixtures  in 
the  whole  tenperature  (850-1800  K)  and  pressure  (50-200  Torr)  ranges.  The  loga¬ 
rithm  of  the  product  t  .P~  was  plotted  versus  T^^  in  Fig. 5.  The  Landau-Teller 
plot  was  found  to  be  approximately  linear.  Relaxation  times  had  been  also  cal¬ 
culated  by  Zaslonko  et  al.  (14)  using  the  SSH  theory  for  the  system 
{0.025  HN3  +  0.975  Ar}  at  T,  =  1050  K  and  P,  =  4.2  atm.xv,  equal  to  0.8  ps, 
was  smaller  than  the  value  estimated  frcm  our  results  (x^  =  1.6  ps) ,  but  of 
the  same  order  of  magnitude. 

At  the  highest  temperatures,  T~  >  1600  K,  the  relaxation  times  were 
not  negligible  with  respect  to  the  HN3  naif-life,  which  was  thus  difficult  to 
estimate  from  the  4.67  pm  emission. 

The  effect  of  vibrational  relaxation  on  the  overall  rate  constant 
value  of  HN,  deccnposition  is  possibly  one  of  the  reasons  of  discrepancy 
between  the  aata  obtained  by  the  various  authors  (6,7),  as  the  set  of  proces¬ 
ses  (i-iv)  can  yield  different  vibrational  distributions  of  reacting  molecules 
in  every  particular  case.  To  study  the  effect  of  vibrational  relaxation  on 
the  chemical  kinetics  in  more  detail,  a  direct  control  of  the  molecular  states 
of  populations  is  needed. 
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Figure  5;Logarithmic  Landau-Teller  plot 
of  the  product  of  vibrational  relaxa¬ 
tion  time  into  shock  pressure, versus 
shock  temperature  raised  to  the  -  1/3 
power. 

■  :Mixture  {0.005  HN,  +  0.995  Ar} 

•  :Mixture  {0.02  HN^  +  0.98  Ar} 


d)  Rate  of  HN, 


Figure  6;  Logarithmic  Arrhenius  plot 
of  the  apparent  second-order  rate 
constants  of  HN,  decarposition, versus 
inverse  shock  temperature  . 


this  work 


{0.02  HN3  +  0.98  Ar} 
{0.005HN3  +  0.995Ar} 


Kajimoto  et  al's  results 
Zasloriko  et  al's  results 


At  temperatures  higher  than  1250  K,  the  induction  period  became  short 
with  respect  to  HN3  half-life  t]y2.  HN3  decay  rates  were  determined  by  monito¬ 
ring  the  4.67  um  emission  decrease,  fran  measurements  of  the  particle  time  at 
which  the  infrared  signal  is  half-reduced. 

In  the  range  1250  <  T,  (K)  <  2000,  our  investigation  yielded  an  apparent 
rate  constant,  kj^ji  of  first-order  in  both  HN^  and  Ar. 

The  logarithm  of  k2r^  was  plotted  against  inverse  shock  terperature 
for  both  mixtures  in  Fig. 7  and  compared  with  results  of  other  authors.  The  rate 
constants  given  by  Zaslonko  (11)  were  deduced  from  HN,  half-life  times  by  moni¬ 
toring  absorption  at  290  nm.  Their  values  plotted  in  Fig. 7  correspond  to  the  ex 
perimental  data  initially  expressed  in  s--*-  and  converted  into  second-order  rate 
constants  according  to  the  expression: 

loll. 5  •>  _•) 

kz  - -  .  exp  (-  20  000/T)  cnrmol  s 

[Ar] 

Results  reported  by  Kajimoto  et  al.  (7)  were  obtained  from  the  analysis  of  the 
initial  portion  of  the  HN^  absorption  curve  at  206  nm. 

With  the  mixture  containing  0.5  mol.%  HN^  and  1250  <  T0(K)  <  1400, 
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k„  ,  determined  in  the  present  work  were  in  good  agreement  with  Kajimoto's 
va5ues,  determined  in  similar  temperature  and  dilution  ranges  but  at  higher 
pressures.  A  least-squares  best  fit  to  cur  data  yielded  to  the  following 
Arrhenius  expression: 

k2nd  =  5*5  1C)13  5X9  (-14  000/’r)  cm3  mol_1s_1 
However,  in  comparison  with  the  rate  constant  kK  given  by  Kajimoto: 

kj^  =  7.6  1014  exp  (-  18  200/T)cm3  itd1-1s-1 

the  preexponentia 1  factor  and  the  activation  energy  were  found  to  be  lcwer  in 
the  present  work. 

For  experiments  conducted  at  T2  >  1450  K,  we  found  that  the  activation 
temperature  decreased  to  a  nuch  lower  value  than  that  determined  at  higher 
pressures  (15) : 

k*  =  2.2  1012  exp  (-  9750/T)  cm3  itDr1s_1 

With  the  mixture  containing  2  mol.%  HN. ,  k3  was  found  to  be  higher. 
The  difference  could  be  due  to  the  reaction  exothermcity  although  the  energy 
release  was  limited  by  the  presence  of  intermediate  species  and  partly  conver¬ 
ted  into  N_  vibrational  excitation.  Furthermore,  the  mechanism  consisted  of 
chain  reactions.  Therefore  the  Arrhenius  law  was  not  valid  and  experimentally 
a  variation  of  the  activation  energy  with  tenperature  was  observed. 

From  our  experiments,  the  predominant  paidway  for  HN^  decomposition  was 
the  formation  of  NH(lA)  radicals: 

HN3  +  Ar  -  NH  (1A)  +  N2  +  Ar  (1) 

as  suggested  also  by  Zaslonko,  even  though  could  be  produced  through 

the  reaction:  , 

HN3  +  Ar  -v  NH  (  E~)  +  N2  +  Ar  (2) 

or  through  a  spin  exchange  reaction  with  HTh.  This  result  disagrees  with  the 
primary  process  proposed  by  Kajimoto,  corresponding  to  the  triplet  pathway. 

NH  radicals  initially  formed  will  fastly  react  with  HN3  producing 
NH?  and  N3  radicals.  Another  process  is  the  exothermic  reaction  (3)  (AH  = 

-  189  kcal  mole-!) ,  leading  to  the  formation  of  vibraticnally  excited  products : 

NH  +  HN3  -*•  N2  +  N^  +  H2  (3) 

The  presence  of  N2  in  the  reacting  mixture  will  accelerate  the  decomposition 
rate  as  the  energy  transfer  from  nY  to  HN3  will  proceed  effectively  by  vay  of 
resonant  V-V  transfer  (11) .  “  1 
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The  conservation  equations  for  a  suspension  composed  of  an 
ionized  gas  and  small  solid  dust  particles  are  formulated 
and  solved  numerically.  Such  flows  can  be  found  downstream 
of  strong  normal  shock  waves  propagating  into  dusty  gases. 
The  solution  indicates  that  the  presence  of  the  dust  signi¬ 
ficantly  affects  the  post-shock  flow  field.  Owing  to  the 
dust,  the  relaxation  zone  will  be  longer  than  in  the  pure 
plasma  case;  the  equilibrium  values  for  the  suspension  pres¬ 
sure  and  density  will  be  higher  than  the  dust-free  case, 
while  the  obtained  values  for  the  temperature,  degree  of 
ionization  and  velocity  will  be  lower.  The  numerical  solu¬ 
tion  was  executed  for  shock  Mach  numbers  ranging  from  10  to 
17.  It  was  found  that  the  thermal  relaxation  length  for 
the  plasma  decreases  rapidly  with  increasing  shock  Mach 
number,  while  the  thermal  relaxation  length  for  the  suspen¬ 
sion  mildly  increases  with  increasing  M's.  The  kinematic 
relaxation  length  passes  through  a  pronounced  maximum  at  M= 
12.5.  Throughout  the  investigated  range  of  Mach  numbers, 
the  kinematic  relaxation  length  is  longer  than  the  suspen¬ 
sion  thermal  relaxation  length 

Introduction 


The  interest  in  the  gas  dynamic  behavior  of  a  gas  particle  suspension 
grew  in  the  past  two  decades  due  to  its  application  to  many  flow  fields.  Some 
typical  examples  are:  metalized  propellants  for  rockets,  jet  type  dust  col¬ 
lectors  and  blast  waves  in  a  dusty  atmosphere.  General  descriptions  of  such 
flows  can  be  found  in  Soo's  book1  and  in  the  reviews  of  Marble^  and  Rudinger3. 
In  the  present  work,  the  flow  field  which  develops  downstream  of  a  strong  nor¬ 
mal  shock  wave,  propagating  into  a  dusty  argon  gas,  has  been  formulated  and 
solved  numerically.  The  basic  difference  between  a  homogeneous,  ideal  gas  and 
a  dusty  reacting  gas  is  that  in  the  latter  the  flow  thermodynamics  and  kinema¬ 
tic  properties  exhibit  a  continuous  change  through  a  much  thicker  layer,  cal¬ 
led  the  relaxation  zone.  In  the  considered  flow,  a  leading  shock  discontinu¬ 
ity  produces  sudden  changes  in  the  flow  properties  to  be  followed  by  the  re¬ 
laxation  zone,  throughout  which  the  flow  properties  adjust  from  their  frozen 
value  (at  the  shock  front)  toward  an  appropriate  equilibrium  condition.  Down¬ 
stream  of  a  strong  shock  wave  (high  shock  Mach  number),  the  post-shock  frozen 
temperature  is  high  enough  to  promote  excitation  of  the  internal  degrees  of 
freedom.  For  a  dust-free  gas,  a  relaxation  zone  will  prevail,  downstream  of 
the  shock  front,  throughout  which  the  gas/plasma  passes  from  its  frozen  state 
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to  an  appropriate  post-shock  equilibrium  state  .  At  the  far  end  of  the  relax¬ 
ation  zone,  equilibrium  among  the  various  constituents  of  the  plasma  (atoms, 
ions  and  electrons)  is  reached.  However,  in  the  considered  case,  due  to  the 
presence  of  the  dust,  two  relaxation  mechanisms  exist  simultaneously.  The 
first,  responsible  for  reaching  equilibrium  state  among  the  plasma  components, 
is  the  collisional-radiative  interactions  between  the  plasma  elements;  the 
second,  responsible  for  generating  equilibrium  between  the  post-shock  plasma 
and  the  dust,  is  the  viscous  and  heat  transfer  interactions  between  the  dust 
and  the  gaseous  phase  of  the  suspension. 


The  analysis  of  the  relaxation  zone  in  an  ideal  (non-reacting) -gas  is 
well  known.  (For  example  see  the  pioneering  works  of  Carrier5,  Kriebel6  and 
Rudinger7) .  The  aim  of  the  present  work  is  to  cover  the  case  of  shock  wave 
propagation  into  a  dusty  real  gas  (high  shock  Mach  numbers) . 


II .  Theoretical  Background 


The  present  work  deals  with  a  monatomic  gas  (argon) .  When  this  gas  is 
exposed  to  strong  normal  shock  waves,  due  to  the  elevated  post-shock  tempera¬ 
ture,  the  gas  becomes  partially  ionized,  i.e.,  it  can  be  considered  as  a  mix¬ 
ture  of  atoms,  ions,  and  electrons.  Appleton  and  Bray8  presented  a  general 
formulation  for  the  conservation  equations  for  reacting  gases  (plasmas) .  As¬ 
suming  a  steady,  inviscid,  non-diffusive  one-dimensional  flow  without  electro¬ 
magnetic  fields,  and  that  the  dust  particles  fulfill  the  following  conditions 
(Marble2,  Carrier5,  Kriebel6  and  Rudinger3,7): 

1)  all  solid  particles  are  rigid  inert  small  spheres  uniformly  distributed  in 
the  gas/plasma, 

the  volume  of  the  particles  in  the  suspension  is  neglected, 
the  interaction  between  the  solid  particles  can  be  neglected, 
ahead  of  the  normal  shock  wave,  the  dust  particles  are  in  a  state  of  equi¬ 
librium  with  the  gas, 

the  particles  are  too  large  to  experience  a  Brownian  motion  in  the  gas / 
plasma, 

aside  from  the  viscous  interaction  between  the  gas/plasma  and  the  solid 
particles,  the  gas  phase  can  be  regarded  as  inviscid, 

the  weight  of  the  particles,  and  the  buoyancy  forces  are  negligibly  small, 
compared  to  the  viscous  drag  forces,  and  that 
8)  the  temperature  within  the  particles  is  uniform, 
results  in  the  following  conservation  equations  for  the  suspension: 


2) 

3) 

4) 

5) 

6) 
7) 


continuity  (plasma) 

dn  dn  ... 
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energy  (electron  gas) 

dne  5  Hn  3  dTe  dnP  me 
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The  terms  dv/dx  and  dt/dx  arise  from  the  gas-particle  momentum  and  heat 
exchange.  They  can  be  expressed  as  follows7: 


.  ,  m  (n  +n  1  , 

dv  _  _  3^  a  a  e  r  (v-u) 

dx  '  4  Dd  *°D  v 


dx  _  Nu  6y  T-x  6ea  T*-x^ 

dx  =  Pr  _2  v  +  CDd  v 
u  ao 


(«>) 


where  n  ,  ng,  ma  and  nig  are  the  atom  and  electron  number  densities  and  the 
atom  and  electron  masses,  respectively.  T,  Te  and  u  are  the  heavy  particles 
(atom  and  ions) ,  the  electron  gas  temperatures  and  the  plasma  velocity,  res¬ 
pectively.  k,  Qrad>  dng/dt,  I,  Qg,  vei  and  vea  are  the  Boltzmann  constant, 
the  plasma  radiation  losses,  the  rate  of  electron  production,  the  atom's  ioni¬ 
zation  potential,  the  electron  gas  radiation  losses,  and  the  collision  fre¬ 
quencies  between  electron-ions  and  electron-atoms,  respectively.  The  distance 
measured  downstream  from  the  shock  front  is  x.  v,  x,  C,  D,  d  are  the  velocity, 
the  temperature,  the  heat  capacity,  the  diameter  and  the  density  of  the  solid 
particles,  respectively.  CD  is  the  drag  coefficient.  Nu,  Pr,  e,  y,  o  and  6 
are  the  appropriate  Nusselt  and  Prandtl  numbers  (based  on  the  diameter  of  the 
particles),  the  emissivity  of  the  dust  particles,  the  gas  viscosity,  the  Ste- 
fan-Boltzmann  constant  and  the  ratio  of  the  solid/gas  specific  heat  capacities, 
respectively.  The  ratio  between  the  dust  and  the  gas  rates  of  mass  flow  is  n. 


It  should  be  noted  that  while  introducing  the  dust  particles  into  the 
plasma,  it  is  probable  that  at  the  higher  temperatures  reached  behind  strong 
shock  waves  the  dust  will  ablate  and/or  chemically  react  with  the  gaseous 
phase  of  the  suspension.  However,  the  inclusion  of  such  processes  into  the 
conservation  equations  would  constitute  a  significant  complication  of  their 
solution.  As  a  first  step  in  the  analysis  of  ionizing  shocks  in  a  dusty  gas 
these  processes  will  be  neglected  even  though  they  may  be  significant  mecha¬ 
nisms.  It  is  therefore  assumed  that  the  dust  particles  are  inert.  Based  on 
this  assumption  and  the  fact  that  the  dust  particles  are  much  larger  than  the 
plasma  atoms  (Sy  as  compared  to  10-4  y) ,  the  only  effective  interaction  be¬ 
tween  the  two  phases  can  be  via  viscous  and  heat  transfer  mechanisms. 

In  order  to  solve  equations  (1)  to  (6  )  the  parameters  Qra(j>  dne/dt,  vei, 
vea,  Qe,  CD,  Pr,  Nu  and  y  must  be  expressed  in  terms  of  the  following  seven 
flow  variables:  na,  ne,  u,  v,  T,  Te  and  x.  This  can  be  found  in  Refs.  9  and 


III.  Numerical  Technique 

The  expressions  for  dv/dx  and  dx/dx  [Eq.  (6)]  were  inserted  into  Eqs.  (2) 
and  (3).  As  a  result,  a  set  of  five  nonlinear  simultaneous  differential  equa¬ 
tions  (1  to  5  ),  with  five  unknowns  dna/dx,  dne/dx,  du/dx,  dT/dx  and  dTe/dx 
was  obtained.  This  set  was  then  rewritten  in  a  compact  form:  AX=B  where  A, 

X  and  B  represent  the  appropriate  matrices. 

By  finding  the  inverse  matrix  A’* ,  which  fulfills  the  condition  A_1A=1, 
the  value  of  the  derivatives  was  found  from:  X=A~*B;  then  a  numerical  inte¬ 
gration  scheme  was  carried  out. 

The  Eulerian  integration  scheme  was  adopted  due  to  the  length  (timewise) 
of  the  computer  program,  which  could  not  allow  other  schemes.  However,  in  or¬ 
der  to  overcome  the  inaccuracy  problem  associated  with  the  Eulerian  scheme, 
the  step-size  was  checked  in  every  iteration.  A  step  size  was  chosen  which 
resulted  in  values  deviating  by  less  than  0.1%  from  values  computed  with  a 
step  size  twice  as  large. 


[640] 


Ben-Dor  and  Igra 


The  initial  conditions,  immediately  behind  the  shock  front  were  set  as 
follows:  u=uf,  T=Tf,  na=Pf/ma>  ne=0.001  na,  Te= (T£+TQ)/2,  v=uQ,  t=T0,  where 
subscript  "f"  denotes  the  frozen  values  obtained  immediately  behind  the  shock 
front  and  subscript  "o"  indicates  the  unshocked  state  ahead  of  the  shock  wave. 
Note  that  the  initial  values  of  ne  and  T.  were  set  arbitrarily.  It  was  shown 
by  Liu10that  the  initial  values  of  ne  ana  Te  influence  only  the  very  beginning 
of  the  relaxation  zone.  Further  down  the  relaxation  zone,  the  values  of  ne 
and  Te  converge  to  one  value,  independent  of  their  initial  value.  The  inte¬ 
gration  was  carried  out  until  an  equilibrium  was  reached,  i.e.,  until  the  end 
of  the  relaxation  zone.  The  suggested  numerical  scheme  is  much  faster  than 
the  finite  elements  scheme  used  by  Liu10.  In  the  present  scheme,  the  deriva¬ 
tives  of  the  various  suspension  properties  are  analytically  calculated,  before 
a  numerical  integration  is  carried  out. 

IV.  Results  and  Discussion 

In  order  to  demonstrate  the  dust  effect  on  the  flow  properties  in  the  re¬ 
laxation  zone,  the  conservation  equations  (1  to  6)  were  solved  with  and  with¬ 
out  dust.  The  solution  was  conducted  for  a  typical  shock  tube  generated  argon 
plasma,  i.e.,  M=15,  P0=5  torr  and  To=300  K.  The  following  dust  parameters 
were  used:  d=l.S  g/cm^,  C=10^  erg/g/K,  e=l,  D=0.000!>  cm  The  solution  was 
carried  out  for  two  different  dust  concentrations,  n=0.1  and  0.2.  The  results 
obtained  for  the  dust-free  case  (n=0)  are  in  good  agreement  with  those  of 
LiuJO. 

The  pressure  variations  in  the  relaxation  zone  are  shown  in  Fig.  1.  As 
expected,  the  dust  presence  causes  the  pressure  to  increase  in  the  relaxation 
zone.  (As  will  be  shown  shortly,  the  dust  particles  experience  deceleration 
throughout  the  relaxation  zone.  This  in  turn,  results  in  an  increase  in  the 
plasma  pressure.)  It  is  also  apparent  from  Fig.  1  that  as  the  dust  concentra¬ 
tion  grows  the  suspension  pressure  increases.  It  should  be  noted  that  the  re¬ 
laxation  zone  length  for  the  dusty  gas  is  greater  than  that  appropriate  to  the 
dust- free  case. 

The  variation  of  the  degree  of  ionization  a,  in  the  relaxation  zone,  is 
shown  in  Fig.  2.  Since  the  dust  particles  absorb  part  of  the  thermal  energy 
generated  by  the  strong  shock  wave,  it  is  expected  that  the  dust-free  case 
will  have  higher  values  of  a,  as  is  evident  from  Fig.  2.  Increasing  the  dust 
concentration  will  increase  the  amount  of  heat  absorbed  by  the  solid  phase  of 
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Figure  1:  The  variation  of  the  pres-  Figure  2:  The  variation  of  the  degree 
sure  with  distance  behind  the  shock  of  ionization  with  distance  behind  the 
front  shock  front . 
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the  suspension  and  thereby  decrease  the  degree  of  ionization  as  is  apparent 
from  Fig.  2.  The  reduction  in  a  due  to  the  dust  is  quite  significant,  about 
54%  at  the  rear  end  of  the  relaxation  zone  (Fig.  2). 

When  dealing  with  temperature,  unlike  in  the  dust-free  case,  there  are 
three  different  temperatures  to  equalize:  the  dust  temperature  t,  the  atom 
and  ion  temperature  T,  and  the  electron  gas  temperature  Te.  The  results  for 
n=0,  n=0.1  and  n=0.2  are  shown  in  Fig.  3.  Fig.  3  is  similar  to  Liu's  fin¬ 
dings1®;  it  suggests  that  for  the  pure  argon  case  the  relaxation  zone  length 
is  about  4.5  cm  and  the  equilibrium  temperature  is  12530  K.  It  is  evident 
from  Fig.  3  that  for  n=0.1  the  extent  of  the  relaxation  zone  (for  Te  to  reach 
T)  increases  to  about  5.5  cm  and  the  equilibrium  temperature  is  reduced  to 
11390  K.  The  reduction  in  the  equilibrium  temperature  is  due  to  the  presence 
of  the  dust  particles  which  absorb  significant  amounts  of  the  post-shock  ther¬ 
mal  energy.  Recall  that  the  dust  initial  temperature  is  only  300  K.  Increas¬ 
ing  the  dust  concentration  will  result  in  a  faster  decrease  in  T  and  a  slower 
increase  in  t,  as  is  evident  from  Fig.  3.  The  difference  in  the  electron  tem¬ 
perature  and  the  equilibrium  temperature  for  the  different  n's,  is  very  small. 
The  fact  that  a  9%  reduction  in  the  equilibrium  temperature  (from  the  n=0  to 
the  n=0.1  case)  corresponds  to  a  54%  reduction  in  a  should  not  be  surprising, 
since  the  ionization  rate  constant  exponentially  depends  on  the  temperature. 

The  minimum  in  Te  at  the  beginning  of  the  relaxation  zone  (Fig.  3)  is  a 
direct  result  of  the  initial  value  chosen  for  Te.  Immediately  behind  the 
shock  front  the  number  density  of  the  free  electrons  is  negligibly  small,  con¬ 
sequently,  it  is  quite  artificial  to  assign  a  temperature  Te  to  a  gas  at  that 
state.  Unlike  Liu10  who  smeared  out  the  minimum  in  Te  and  extrapolated  the 
curve  smoothly,  here  the  actual  shapes  of  the  Te-curve,  as  calculated,  are 
drawn.  This  is  a  more  accurate  presentation  in  the  sense  that  the  derivatives 
of  our  curves  at  any  given  location  behind  the  shock  front  satisfy  Eqs.  (i )  to 
(  6)  while  those  of  Liu  do  not.  It  should  be  remembered,  however,  that  Liu 
has  shown  that  the  values  of  Te  converge  to  the  same  value,  shortly  behind  the 
shock  front,  independently  of  the  initial  value  chosen  for  Te10. 

Knowing  how  P,  T,  Te  and  a  vary  in  th^  relaxation  zone  it  is  easy  to  esti¬ 
mate  how  p  will  behave.  From  the  equation  of  state  we  have  P=pR(aTe+T)  where 
R  is  the  gas  constant.  It  was  shown  that  the  introduction  of  dust  causes  P  to 
increase  and  a  and  T  to  decrease  in  the  relaxation  zone.  Therefore,  it  is  ex¬ 
pected  that  the  dust  presence  will  cause  the  density  to  increase,  as  is  confir¬ 
med  by  the  results  shown  in  Fig.  4. 


Figure  3:  The  variation  of  the  tern-  Figure  4:  The  variation  of  the  den- 
peratures  with  the  distance  behind  sity  with  distance  behind  the  shock 
the  shock  front.  front. 
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The  kinematic  behavior  of  the  considered  flow  is  shown  in  Fig.  5.  The 
velocity  changes,  for  the  dust-free  case  (n=0)  are  the  same  as  those  reported 
by  Liu^  ,  i.e.,  almost  a  constant  flow  velocity  throughout  most  of  the  relaxa¬ 
tion  zone,  to  be  followed  by  a  rapid  velocity  drop  close  to  the  rear  end  of 
the  relaxation  zone.  Using  "sterile"  momentum  considerations  could  lead  to  a 
wrong  conclusion  that  the  plasma  velocity  u,  for  a  dusty  gas,  will  be  higher 
than  that  appropriate  to  a  dust-free  gas.  Recall  that  the  solid  particles  en¬ 
ter  the  relaxation  zone  with  a  very  high  velocity  (the  shock  wave  velocity) 
which  reduces  to  a  relatively  low  equilibrium  velocity  via  viscous  interaction. 
However,  for  a  steady,  one-dimensional  flow  pu=constant.  As  shown  previously, 
the  equilibrium  post-shock  density  for  a  dusty  gas  is  significantly  higher 
than  that  of  an  appropriate  dust-free  gas,  therefore  a  lower  equilibrium  velo¬ 
city  should  be  expected  for  the  dusty  plasma.  This  fact  is  confirmed  in  Fig. 

5.  It  is  also  apparent  from  this  figure  that  the  relaxation  zone  length  of 
the  dusty  plasma  is  significantly  longer  than  the  appropriate  pure  gas  case. 
Note  also  that  the  higher  the  concentration  is,  the  shorter  is  the  relaxation 
length.  Comparing  the  results  shown  in  Fig.  5  with  those  of  the  previous  fi¬ 
gures  indicates  that  the  kinematic  relaxation  length  is  longer  than  the  ther¬ 
mal  one. 

In  summary,  the  introduction  of  dust  causes  the  relaxation  length  to  in¬ 
crease,  it  also  results  in  an  increase  in  the  equilibrium  values  of  the  plasma 
pressure  and  density  and  a  decrease  in  the  plasma  temperature,  degree  of  ioni¬ 
zation  and  velocity,  as  compared  with  the  appropriate  dust -free  case. 

It  is  of  interest  to  check  how  the  plasma  transport  coefficients  change 
in  the  relaxation  zone.  Fig.  6  illustrates  the  changes  experienced  by  the 
plasma  viscosity  as  a  function  of  the  distance  measured  downstream  from  the 
shock  front.  In  order  to  fully  comprehend  this  figure,  the  plasma  viscosity 
dependence  upon  temperature  was  evaluated,  for  atmospheric  pressure  (see  Fig. 
7).  The  dashed  line  corresponds  to  the  commonly  used  expression  y=AT0,  .  As 
can  be  seen  in  Fig.  7,  this  expression  is  good  only  for  the  range  T<9000  K. 

When  T  exceeds  9000  K,  ionization  becomes  significant  and  its  contribution  to 
y  via  a,  cannot  be  neglected  anymore.  It  is  apparent  from  Fig.  7  that  the 
viscosity  reaches  a  maximum  at  a  temperature  of  12000  K.  At  temperatures  low¬ 
er  or  higher  than  this  value  there  is  a  significant  reduction  in  y.  The  pre¬ 
sent  numerical  solution  (P0=  5  torr,  To=300  K  and  M=15)  suggests  a  frozen  tem¬ 
perature  of  about  21000  K  and  an  equilibrium  value  around  12000  K  (see  Fig.  3). 
Therefore  it  can  be  expected  that  the  plasma  viscosity  will  increase  through- 


Figure  5:  The  variation  of  the  velo¬ 
cities  with  distance  behind  the 
shock  front 


Figure  6:  The  variation  of  the  trans¬ 
port  coefficients  with  distance  behind 
the  shock  front 
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Figure  7:  Viscosity  dependence  on 
temperature 


out  the  relaxation  zone,  reaching  its  maximum  value  towards  its  rear  end. 

This  is  confirmed  by  Fig.  6,  hence  it  is  expected  that  most  of  the  particles' 
deceleration  will  take  place  at  the  rear  part  of  the  relaxation  zone,  where  u 
is  large  and  so  are  the  viscous  forces. 

The  thermal  conductivity  of  the  plasma  is  also  shown  in  Fig.  6.  It  sug¬ 
gests  that  K  decreases  with  increasing  the  distance  measured  from  the  shock 
front.  The  variation  in  the  plasma  specific  heat  capacity  at  constant  pres¬ 
sure  Cp,  and  its  Prandtl  number,  Pr,  throughout  the  relaxation  zone  are  also 
shown  in  Fig.  6.  It  should  be  mentioned  here,  that  the  values  of  n,  K,  CL,  and 
Pr,  appearing  in  Fig.  6,  were  normalized  by  the  appropriate  maximum  valueP 
reached  in  the  relaxation  zone. 

The  three  major  conditions  required  for  obtaining  a  state  of  equilibrium 
in  the  shocked  suspension  are: 

1)  Reaching  a  unique  temperature  for  the  plasma,  i.e.,  T=T  .  This  is  reached 
via  collisional-radiative  processes  among  the  various  plasma  components. 

2)  Equilibrating  the  temperature  of  the  plasma  and  the  solid  dust  particles, 
i.e.,  T=t.  This  is  reached  by  convective  and  radiative  heat  transfer  be¬ 
tween  the  two  phases  of  the  suspension. 

3)  Obtaining  one  velocity  for  the  entire  suspension,  i.e.,  v=u.  This  is 
reached  via  viscous  interaction  between  the  plasma  and  the  solid  dust  par¬ 
ticles. 

It  is  of  interest  to  compare  the  lengths  required  for  reaching  each  of 
the  above  mentioned  processes.  For  this  purpose  the  following  three  relaxa¬ 
tion  lengths  were  defined: 

(i)  Thermal  relaxation  length  for  the  plasma  -  Lq-e,  where  hr  is  the  dis¬ 
tance,  measured  downstream  of  the  shock  front,  at  which  |T-Te|/Ts0.02. 

(ii)  Thermal  relaxation  length  of  the  suspension  -  LT,  where  LT  is  the  dis¬ 
tance  at  which  |T-t|/T?0.02. 

(iii)  Kinematic  relaxation  length  for  the  suspension  -  Ly,  where  Lv  is  the 
distance  at  which  | v-u|/v$0.02. 

The  behavior  of  these  three  relaxation  lengths,  for  various  shock  Mach 
numbers  is  shown  in  Fig.  8.  (For  all  values  M  the  following  suspension  para¬ 
meters  were  used:  P0=5  torr,  To=300  K,  d=1.5  g/cm^,  0=10^  erg/g/K,  e=l,  D= 
0.0005  cm  and  n=0.02.)  It  is  apparent  from  Fig.  8  that  I/pe  roonotonically  de¬ 
creases  with  increasing  shock  Mach  number.  This  behavior  should  be  expected 
since  the  most  effective  mechanism  for  reaching  a  unique  plasma  temperature, 
in  a  relatively  dense  plasma,  is  collisions,  and  the  most  effective  energy- 
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transfer-collisions  are  the  electron-electron  collisions.  For  the  high  Mach 
number  cases  the  degree  of  ionization  is  relatively  high  and  therefore  there 
are  enough  free  electrons  to  establish  an  equilibrium  plasma  temperature  fair¬ 
ly  rapidly.  This  is  not  the  case  for  the  low  Mach  number  case  (Msl2),  where  a 
is  low,  and  so  is  the  number  density  of  the  free  electrons.  In  such  a  case  Te 
will  lag  behind  T  for  a  relatively  long  time  (distance)  as  is  evident  from  Fig. 
8.  Unlike  L-p  ,  LT  mildly  increases  with  increasing  M's.  This  behavior  is  due 
to  the  fact  tfiat  with  increasing  M  the  initial  difference  between  T  and  t  in¬ 
creases.  (The  initial  value  of  t  is  300  K  while  that  of  T  increases  with  M.) 

It  is  of  interest  to  note  that  at  high  values  of  M(M>16),  Lpg  approaches  Lj. 
indicating  that  a  unique  thermal  relaxation  length,  for  the  entire  suspension, 
could  be  obtained  for  such  cases. 

The  behavior  of  Ly  is  more  peculiar.  It  is  suggested  in  Fig.  8  that  a 
pronounced  maximum  exists  in  Ly  at  M=12.5.  The  dominant  parameter  affecting 
the  dust  deceleration  is  the  plasma  viscosity.  As  mentioned  earlier  (Fig.  7), 
the  viscosity  strongly  depends  on  the  plasma  temperature  and  its  degree  of  io¬ 
nization.  In  Fig.  9  the  variation  of  y,  with  distance  measured  from  the  shock 
front  is  shown  (M  appears  as  a  parameter) .  The  values  of  y  are  normalized  by 
the  maximum  viscosity  umax,  appropriate  to  M=12.  It  is  evident  from  Fig.  9 
that  the  lowest  y  is  obtained  for  M=12.5.  The  closest  neighbors  are  the  y'sof 
M=12  and  M=13.  In  light  of  these  facts  the  behavior  of  Ly  (Fig.  8)  is  self- 
explanatory.  It  should  also  be  noted  that  throughout  the  investigated  range 
of  M,  Ly  was  always  greater  than  Lr,  in  accordance  with  the  findings  of  Igra 
and  Ben-Dor  for  the  ideal  gas  casell. 


Figure  8:  The  dependence  of  the  vari-  Figure  9:  Viscosity  variation  with 
ous  relaxation  lengths  on  the  shock  distance  as  a  function  of  the  incident 
wave  Mach  number.  shock  wave  Mach  number 

V.  Conclusions 

The  conservation  equations  for  ionizing  shocks  in  a  dusty  gas  were  for¬ 
mulated  and  solved  numerically  to  obtain  the  variation  of  the  thermodynamic 
and  kinematic  properties  throughout  the  relaxation  zone. 

The  solution  indicated  that  the  introduction  of  dust  into  the  plasma 
strongly  affects  the  relaxation  zone  which  develops  downstream  of  the  shock 
front.  Owing  to  the  dust,  a  longer  relaxation  zone  develops;  at  its  rear  end 
the  suspension  pressure  and  density  are  higher  than  those  appropriate  to  dust- 
free  gas.  On  the  other  hand,  the  equilibrium  values  for  the  suspension  tem- 
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perature,  velocity  and  degree  of  ionization  are  lower  than  those  appropriate 
to  the  pure  gas.  As  the  shock  wave  Mach  number  increases,  the  plasma  and  the 
suspension  thermal  relaxation  lengths  approach  each  other,  to  result  in  a  com- 
mon  value.  Throughout  the  investigated  range  of  M,  the  kinematic  relaxation 
length  was  found  to  be  longer  than  the  thermal  relaxation  lengths. 

The  proposed  numerical  code  can  be  used  for  different  gases  and  for  vari¬ 
ous  types  of  particles.  It  can  also  be  extended  to  cover  non-uniformly  sized 
particles  and  curved  shocks. 
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SHOCK  WAVE  STRUCTURE  IN  GAS-PARTICLE  MIXTURES 
AT  LOW  MACH  NUMBERS 
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The  shock  wave  structure  in  pas-particle  mixtures 
has  been  investipated  by  measuring  density  pro¬ 
files  of  the  pas  and  number  density  profiles  of 
the  particles  for  shock  Mach  numbers  below 

=1.2  .  The  measured  profiles  are  compared  with 
theoretical  results.  The  experiments  have  been 
performed  with  a  vertically  mounted  shock  tube. 

For  the  generation  of  weak  shock  waves  the  usual 
diaphrapm  has  been  replaced  by  a  pneumatic  valve. 

A  laser  differential  interferometer  was  used  to 
measure  the  pas  density  and  the  number  density 
of  the  particles  was  determined  by  extinction 
measurements .x-As  pas-particle  mixtures  MpO-smoke 
and  Si02~dust Vre  used  with  mean  particle  dia¬ 
meters  of  o.6  urn  and  1.5  pm.  The  loadinp  ratio  of 

the  particles  in  the  pas  was  below  lo-2.  For  the 

calculations  the  gasdynamic  shock  and  the  relaxa¬ 
tion  zone  are  treated  separately.  Standard  drag 
coefficient  and  heat  conduction  for  steady  flow 
are  assumed  to  describe  the  pas-particle  inter¬ 
action. 

INTRODUCTION 

The  shock  wave  structure  in  a  particle-laden  pas  has  been  treated 
theoretically  in  a  number  of  papers1-7.  These  papers  include 
effects  such  as  finite  particle  volume  in  the  mixture,  influence 
of  particle  size  distribution  and  decay  of  shock  wave  strength 

in  heavily  laden  gas.  In  all  these  papers  it  has  been  assumed 

that  the  shock  can  be  separated  into  an  unsteady  gasdyr.amic  shock 
followed  by  a  steady  relaxation  zone  due  to  acceleration  and 
heating  of  the  particles.  This  treatment  is  possible  when  the 
molecular  shock  transition  due  to  viscosity  and  heat  conduction 
is  much  faster  than  the  macroscopic  shock  transition  in  the 
relaxation  zone.  It  can  be  expected  that  the  separation  becomes 
invalid  for  small  particles  and  weak  shock  waves.  The  continuous 
transition  in  weak  shock  waves  has  been  investipated  by  Hamad8. 

Only  few  experimental  results  for  shock  waves  in  particle-laden 
gases  have  been  published8”1 s .  Effective  drag  coefficients  for 
the  particles  are  determined  by  Selberg  and  Nicholls  and  by 
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Rudinger  with  shock  tube  experiments.  The  particle  diameters 
ranged  from  29  pm  to  ^50  urn  and  the  loading  ratios  of  the  par¬ 
ticles  from  0.05  to  0.36.  In  both  papers  it  is  found  that  the 
measured  drag  coefficient  is  much  higher  than  the  standard  drag 
coefficient  for  a  single  sphere.  Outa ,  Taj ima  and  Morii  measured 
the  decay  of  a  shock  wave  in  a  heavily  laden  gas.  The  diameters 
of  the  single  particles  ranged  from  3  pm  to  9  um  and  extreme¬ 
ly  high  loading  ratios  of  2  have  been  reached.  These  authors 
measured  the  shock  structure  in  the  gas  but  the  comparison  with 
the  theory  is  difficult  because  of  agglomeration.  For  the  experi¬ 
mental  investigations  mentioned  pressure  transducers,  light  scat¬ 
tering  and  rotating  drum  camera  have  been  used.  In  the  present  pa¬ 
per  the  structure  of  weak  shock  waves  is  investigated.  For  the  ex¬ 
periments  small  particles  and  low  loading  ratios  are  used.  With  op¬ 
tical  measuring  techniques  a  high  spatial  resolution  is  obtained. 

THEORY 

The  structure  of  the  shock  wave  is  determined  by  the  continuity, 
the  momentum  and  the  energy  equations.  When  the  particle  cloud  can 
be  described  by  continuum  variables  these  equations  have  the  form 
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Here  £  represents  the  concentration,  i.e.  mass  of  the  gas  or  the 
particles  per  unit  volume  of  the  system,  e  the  inner  energy,  u 
the  velocity,  p  a  component  of  the  stress  tensor  and  qx  a 
component  of  the  neat  flux  vector.  The  subscripts  G  and  P  re¬ 
fer  to  gas  and  particles.  The  quantities  Fpx  and  Qp  represent 
the  interaction  force  and  the  heat  transfered  between  particles 
and  gas.  Contributions  of  the  particles  to  the  stress  tensor  and 
to  the  heat  flux  vector  are  neglecte'.  .  Mass  transfer  between  gas 
and  particles  and  chemical  reactions  are  not  considered.  The  con¬ 
tinuity  equations  (1)  and  (2)  can  be  integrated  immediately.  The 
result  is 

?0U0  =  CG1U1  =  m  ’  (7) 

£pPp  ■  Ct^u^  -  Bm  ,  (R) 

where  m  is  the  mass  flow  rate  of  the  gas  and  6  is  the  mass 
flow  ratio  of  the  particles  in  the  gas.  The  subscript '1'  refers  to 
the  known  equilibrium  state  ahead  of  the  shock.  Eliminating  Fpx 


[648| 


Konig  and  Frohn 


and  Qp  from  equations  (3)  to  (6)  one  obtains  two  equations  which 
after  integration  take  the  form 

ufi  +  fi  Up  +  Pxx/™  =  p/m  and  (9) 

+  ax/m  =  F,  (lo) 

and  F  .  Introducing  the  well 

it  dun 
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the  equations  (9)  and  (lo)  can  be  written  as 
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In  equation  (11)  the  concentration  of  the  gas  has  been  ex¬ 

pressed  by  the  temperature  of  the  gas  Tq  and  the  volume  frac¬ 
tion  of  the  particles  <p  . 

By  elimination  of  Fpx  and  Qp  two  eauations  have  been  lost. 
These  equations  are  replaced  by  the  momentum  equation  and  the 
energy  equation  for  a  single  particle  which  are 
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where  m„  is  the  mass  of  a  particle  and  pp  is  the  density  of 
the  particle  material.  In  these  equations  it  has  been  assumed  that 
the  physical  properties  are  constant  in  the  particle  volume.  The 
force  Fpx  can  be  expressed  by  the  empirical  drag  coefficient  C_ 
and  the  heat  Qp  is  expressed  by  the  Nusselt  number  Nu .  Together 
with  equations  (3)  and  (iJ)  eauations  (13)  and  (HO  take  the  form 
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where  op  is  the  actual  particle  diameter.  For  numerical  calcula¬ 
tions  the  empirical  coefficients  Cp  and  Nu  must  be  known  as 
functions  of  Feynolds  number  and  Prandtl  number. 
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Difficulties  occur  in  the  integration  of  the  autonomous  differen¬ 
tial  eauations  (11),  (12),  (15)  and  (1 6)  because  the  eauilibrium 
states  in  front  and  behind  the  shock  are  singularities  of  the 
system.  General  solutions  are  therefore  not  known.  Solutions  for 
special  cases  have  been  given  by  different  authors1-8.  Fudinger4 
for  example  assumed  that  the  shock  transition  can  be  treated  as 
an  unsteady  gasdynamic  shock  followed  by  a  relaxation  zone.  Neg¬ 
lecting  the  coefficients  of  viscosity  n  and  the  heat  conductivi¬ 
ty  X  in  equations  (11)  and  (12)  he  obtained  two  algebraic  equa¬ 
tions.  Assuming  that  u^  and  Tp  are  constant  these  equations 
yield  the  Rankine-Hugoniot  conditions  for  the  gasdynamic  shock. 

Now  the  integration  of  the  equations  (15)  and  (16)  is  straight 
forward.  Polydisperse  particle  distributions  can  be  taken  into 
account  by  replacing  the  size  distribution  by  different  classes 
of  particle  size.  For  low  Mach  numbers  analytical  solutions  have 
been  given  by  Hamad*.  For  M^-*-  1  the  equations  (15)  and  ( 1 6 )  be¬ 
come  linear  relaxation  equations  and  together  with  the  equations 
(11)  and  (12)  analytical  solutions  are  developed  by  series  ex¬ 
pansions  . 

EXPERIMENTS 

Measurements  have  been  performed  with  a  shock  tube  which  is  shown 
schematically  in  Fig.l.  As  low  pressure  section  a  glass  tube  was 
used  with  an  inner  diameter  of  26  mitf  and  a  length  of  3  m.  The 
glass  tube  allows  optical  measurements  without  disturbing  the  gas 
flow.  The  usual  shock  tube  diaphragm  has  been  replaced  by  a  spe¬ 
cial  valve  which  opens  the  high  pressure  section  independently  of 
the  pressure  difference  between  high  and  low  pressure  section. 

With  this  valve  which  has  been  described  in  detail  elsewhere14  it 
is  possible  to  produce  very  weak  shocks  of  variable  strength. 
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Fig.  2  Measured  shock  Mach  num 
her  Mg  as  a  function  of 
pressure  difference  between 
high  and  low  pressure  section. 
Instead  of  a  diaphragm  the 
valve  of  Ref. 1*4  has  been  used 
between  high  and  low  pressure 
section. 


In  Fig. 2  the  measured  shock  Mach  number  is  plotted  against  the 
pressure  difference  between  high  and  low  pressure  section.  Here 
the  shock  Mach  number  has  been  determined  from  the  travelling  time 
of  the  shock  front  which  was  measured  with  two  laser-schlieren 
systems  having  a  distance  of  18.6  mm. 


The  density  profile  of  the  gas  across  the  shock  was  measured  by  a 
laser  differential  interferometer15.  The  light  intensity  I  can  be 
related  to  the  density  of  the  gas  pG  by  the  equation 
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max 


cos 


wti  ,°a 


l)(n1  -  1)  +  | 


(17) 


where  I  is  the  maximum  intensity,  fcj  is  the  effective  path 

length  orathe  laser  beams  in  the  shock  tube,  \Vac  is  the  vacuum 
wave  length  of  the  laser  light  and  <J>/2  is  the  phase  shift.  For 
actual  measurements  equation  (17)  has  been  linearized  for 
<)>  =  3  nM  .  One  obtains  the  relation 
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where  k  is  the  inverse  sensitivity  of  the  interferometer.  By  ex¬ 
periments  in  pure  gases  it  has  been  found,  that  an  effective  path 
length  of  approximately  0.411  mm  gives  a  suitable  sensitivity. 

The  number  density  profile  of  the  particles  has  been  determined 
by  the  extinction  of  a  laser  beam1*.  The  experimental  setup  is 
shown  in  Fig. 3.  The  laser  beam  was  split  in  order  to  perform 
difference  measurements.  By  this  arrangement  the  noise  of  the  la¬ 
ser  light  was  reduced  so  that  transmittance  changes  of  l/looo 
could  be  detected.  Using  Bouguer's  law 


f/fc  =  exp  (  -npaE  *p)  ,  (19) 


the  t^osmi ttance  f/f0  of  the  dispersion  can  be  used  to  deter¬ 
mine  t.ij  number  density  np  of  the  particles  when  the  projected 
area  a  of  the  particles  is  known.  In  equation  (19)  E  is  the 
extinction  coefficient  and  Ig  is  the  path  length  of  the  laser 
beam  in  the  dispersion  i.e.  the  inner  diameter  of  the  shock  tube. 
For  determination  of  the  mass  flow  rate  8  equation  (19)  is  used 
in  its  original  form.  For  the  evaluation  of  the  extinction  pro¬ 
files  across  the  shock  equation  (19)  has  been  linearized  so  that 
the  change  of  the  transmittance  is  proportional  to  the  change  of 
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the  number  density: 


Af 

7l 


where  e, 


-nPla^^E 


(?o) 


As  the  sensitivity  e.  cannot  be  changed  very  much  by  the  extinc¬ 
tion  arrangement  it^depends  mostly  upon  np^  .  That  means  for  low 
particle  number  densities  and  low  shock  Mach  numbers  no  extinction 
profiles  could  be  measured.  The  signals  of  the  optical  systems 
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were  recorded  by  pin-diodes  in  connection  with  an  oscilloscope  or 
a  transient  recorder.  The  finite  width  of  the  laser  beam  together 
with  the  electrical  circuit  gave  a  rise  time  for  the  signals  of 
approximately  1  us.  This  corresponds  to  a  spatial  resolution  of 
o.^  mm. 

The  gas-particle  mixtures  were  generated  in  a  separate  chamber 
and  then  filled  in  the  shock  tube.  As  particle  material  Mgo  par¬ 
ticles  and  ^iOp  powder  are  used  with  mean  diameters  of  approxi¬ 
mately  o.6  pm  and  1.5  um.  The  MgO-sroke  was  produced  by  burning 
Mg-metal  while  SiOj  particles  were  dispersed  by  a  rotating  pro¬ 
peller.  The  loading  ratio  g  of  the  particles  in  the  gas  was  be¬ 
low  lo_*  so  that  the  interferometric  measurements  were  not  dis¬ 
turbed.  The  particles  were  dispersed  in  air  or  nitrogen  at  the 
pressure  of  one  bar  and  at  room  temperature. 

RESULTS 

Fig. 4  shows  an  experimental  profile  of  the  gas  density  and  the 
particle  number  density  across  the  shock  at  a  Mach  number  ms  = 

=  1.13  and  a  particle  loading  ratio  of  6  =  2.3*lo-5  in  an  MgO-air 
dispersion.  The  unsteady  density  change  in  the  gasdynamic  shock  is 
represented  in  Pig. 4a  by  a  rise  time  in  the  signal  of  about  1  us. 
Behind  this  steep  density  change  no  further  density  rise  can  be  ob¬ 
served.  The  number  density  profile  of  the  particles  shown  in  Pig. 

4b  starts  with  sharp  rise  at  the  beginning  and  approaches  then  its 
equilibrium  value.  In  Fig. 5  a  number  density  profile  is  shown  for 
Si02~N2  dust  at  the  same  Mach  number  and  the  same  loading  ratio  as 
in  Pig.l.  One  recognizes  a  larger  rise  time  caused  by  the  larger 
particles.  In  the  case  of  Si02-particles  the  extinction  signal  is 
more  irregular  as  in  the  case  of  MgO-particles  for  it  is  difficult 
to  disperse  the  larger  particles  sufficiently  uniform.  In  Table  1 
the  measured  density  changes  for  gas  and  for  particles  are  com¬ 
pared  with  the  Rankine-Hugoniot  condition.  For  this  comparison 
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Fig.  A  Experimental  density  profiles  of  gas  and  of  particles  in 

MgO-air  dispersion  at  a  Mach  number  ms  =  1.13  and  a  loa¬ 
ding  ratio  6  =  2.3‘lo-3;  op  =  0.6  pm  ,  Re  =  3. 16  . 


Fig. 5  Experimental  number 
density  profile  of  particles  in 
SiC>2-N2  dispersion  at  Ms  =  1.13 
and  B  =  2.3*lo-3;  op  =  1.5  pm  , 
Re  =  7.77  . 


the  Mach  number  was  determined  from  the  travelling  time  of  the 
shock  front.  The  experimental  profiles  from  Fig.  *4  and  Fig.  5  are  in 
good  agreement  with  theoretical  profiles  for  mean  particle  dia¬ 
meters  of  0.6  pm  and  1.5  pm.  In  the  theoretical  calculations  it 
has  been  assumed  that  gasdynamic  shock  and  relaxation  zone  can  be 
separated.  The  empirical  coefficients  CD  and  Nu  are  evaluated 
by  the  equations 

C  -  H  +  JL,  and  (21) 

Re  Pei/3  l21' 

Nu  =  2  +  0.6  Pr1/3Re1/?  .  (22) 


,  THEORY 

EXPERIMENT 

OISPE RSION 

gasdynamic 

total 

1 

shock 

shock 

gas 

particles 

WgO  -  air 

1 .2206 

1.2238 

1 .20 

1.26 

SiOj-  N, 

1 .2206 

1 .2236 

1.23 

1  .  33 

Table  1:  Comparison  of  Pankine-Hugoniot  condition  with  measured 
densit’  ratios  across  the  shock  for  gas  and  for  par¬ 
ticles  in  profiles  of  Fig. A  and  Fig. 5;  M.  =  1.13 
B  =  2.3* lo“3 
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Experimental  profiles  of  the  gas  density  for  very  low  shock  Mach 
numbers  are  shown  in  Fig. 6  and  Fig. 7  together  with  theoretical 
results.  Here  the  travelling  time  of  the  shock  front  can  not  be 
measured  with  sufficient  accuracy  to  determine  the  shock  Mach  num¬ 
ber.  Using  the  Fankine-Hugoniot  condition  the  wach  number  is 
determined  from  the  measured  gas  density  change. 


Fig. 6 


Experimental  density  profiles  of  gas  in  FiOp-Np 
together  with  calculated  profiles, 
a:  Ms  =  l.o3  ,  B  =  3*lo"J  ,  op  =  1.5  um  ,  Re  = 
b:  M  =  l.ol  ,  6  =  2 • lo-1  ,  Op  =  1.5  um  ,  Re  = 
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Fig. 7  Experimental  density  pro¬ 
file  of  gas  in  MgO-air  dispersion 
together  with  a  calculated  pro¬ 
file  for  ms  =  l.ol  and 
B  =  5.8’1o-3;  op  =  o.6  um  , 

Re  =  o.23* 


In  Fig. 6  it  can  be  seen  how  the  profile  becomes  flatter  when  the 
Mach  number  decreases  from  Mg  =  l,o3  to  Ms  =  l.ol  .  At  the 
higher  Mach  number  wg  =  i.o3  first  deviations  between  the  theore¬ 
tical  curve  and  the  measurement  occur  whereas  at  Ms  =  l.ol  the 
measured  profile  shows  significant  deviations  from  the  theory.  The 
profile  of  Fig. 7  is  obtained  for  Ms  =  l.ol  and  for  a  higher  loa¬ 
ding  ratio  of  B  =  5.8*lo“5  .  In  contrast  to  the  theory  the  expe¬ 
rimental  profile  is  completely  smooth  in  this  case.  No  gasdynamic 
shock  can  be  found. 

CONCLUSIONS 

The  theory  based  on  a  gasdynamic  shock  is  in  good  agreement  with 
the  experiments  for  shock  Mach  numbers  above  1.1  and  for  not  too 
high  loading  ratios.  It  should  be  emphasized  that  the  density  pro¬ 
file  of  the  particles  depends  significantly  on  the  relation  Cj)(Re). 

For  very  weak  shock  waves  the  shock  Mach  number  had  to  be  deter¬ 
mined  from  the  measured  density  change  across  the  shock.  In  spite 
of  the  experimental  errors  connected  with  this  procedure  it  was 
found  that  the  concept  of  a  gasdynamic  shock  becomes  invalid  for 
shock  Mach  numbers  below  l.o3  and  loading  ratios  above  2»lo“3. 

For  the  future  it  is  planned  to  compare  experimental  results  for 
low  Mach  numbers  with  the  continuous  solutions  of  Hamad®. 
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CROSS-SECTIONAL  CONCENTRATION  OF  PARTICLES  DURING  SHOCK  PROCESS 
PROPAGATING  THROUGH  A  GAS-PARTICLE  MIXTURE  IN  A  SHOCK  TUBE 


Eisuke  Outa,  Kiyohiro  Tajima  and  Shigeki  Suzuki 
Department  of  Mechanical  Engineering 
/  Waseda  University ,  Tokyo,  Japan 

1/ 

Shock  wave-forms  in  a  gas-particle  mixture  are  discussed 
according  to  the  following  investigations.  A  shock  tube  of 
70  mm  internal  diameter  is  used  for  the  experiments  by 
dispersing  glass  spheres  into  atmospheric  air  in  the  driven 
section.  Pressure,  particle  velocity  and  particle  number  are 
measured.  Mach  number  of  the  shock  wave  is  less  than  1.5, 
mass  flow  ratio  of  the  phases  ranges  from  0.1  to  0.5,  and 
diameters  of  the  particles  are  30  and  50  * *r-  m  ; -i  'i  C>y  ^ 

(1)  Since  the  relaxation  length  of  the  flow  is  very  large, 
the  wave  system  in  the  shock  tube  should  be  treated  as  non¬ 
steady  accounting  for  the  shock  wave  decay.  A  method  of 
characteristics  is  applied,  and  the  results  agree  well  with 
the  measurements  in  the  leading  zone  of  the  wave.  However,  a 
higher  increase  of  pressure  than  the  experimental  wave  form 
is  still  observed  in  the  rear  part  of  the  wave. 

(2)  Particle  drag,  measured  by  streak  recordings,  gives  a 
satisfactory  continuation  of  Rudinger's  law,  and  seems  to 
increase  with  the  particle  diameter.  Effects  of  the  drag  law 
to  the  shock  wave  form  are  indicated. 

(3)  The  number  density  of  particles  near  the  tube  wall  is 
found  by  almost  50  %  lower  than  the  density  at  the  center. 

Such  a  cross-sectional  concentration  of  particles  is  expected 
to  be  induced  by  the  wall  boundary  layer.  Introducing  a  lift 
force  due  to  the  velocity  shear  and  an  impaction  force  be¬ 
tween  particles,  trajectories  and  density  distribution  are 
estimated.  However,  the  iterative  procedure  of  analysis 
approaching  the  experimental  wave  form  is  not  yet  completed. 

INTRODUCTION 

Recent  developments  in  two-phase  fluid  dynamics  have  solved,  both  by 
theoretical  and  by  experimental  investigations,  various  problems  in  engineering 
applications.  The  scientifical  interests  are  frequently  directed  to  unsteady 
phenomena,  where  the  most  characteristic  behaviors  are  related  to  transfers  of 
mass,  momentum  and  energy  between  phases  constituting  the  flow  system,  and  where 
time  constants  of  transfer  are  large  in  compared  with  time  scales  of  the  flow. 
The  assumption  of  averaged  continuum  is  usual  in  mathematical  treatments  of  the 
dispersed  systems,  and  equations  describing  the  conservation  laws  for  each 
phases  are  coupled  by  laws  of  transfer  processes.  However,  there  arise  many 
difficulties  in  the  modelings  and  in  the  analyses.  Discussions  on  averagings  in 
time  or  in  space,  effects  due  to  averagings  in  mass  and  momentum,  and  stability 
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of  numerical  analyses  are  the  fundamental  problems.  Furthermore,  universal  laws 
describing  the  transfer  processes  within  the  dispersed  structure  have  not  been 
established  so  far.  A  shear  layer  will  also  make  the  situations  complicated. 

Shock  tubes  are  the  most  convenient  tools  to  obtain  basic  knowledges  about 
the  flow.  In  the  present  paper,  a  mixture  of  air  and  solid  particles  is  used  as 
the  driven  medium.  The  process  of  relaxing  non-equilibriums  in  velocity  and  in 
temperature  is  concerned  by  initiating  the  flow  by  a  shock  front.  Since  the 
studies  made  by  Carrier[l],  Kriebel[2]  and  Rudinger[3],  the  relaxation  zone,  as 
an  internal  structure  of  the  two-phase  shock  wave,  is  usually  treated  quasi¬ 
stationary.  However,  in  case  of  large  particle  diameters,  thickness  of  the  zone 
is  so  large  that  the  stationary  relations  are  no  more  applicable  to  unsteady 
problems.  The  leading  shock  front  and  the  relaxation  zone  constitute  a  system 
of  unsteady  motions.  Interactions  between  the  flow  and  a  boundary  layer  will 
modify  the  system.  The  mechanism  might  be  related  not  to  a  mass  sink,  but 
probably  to  transmitting  of  particles  out  of  the  layer,  or  a  concentration. 

SHOCK  TUBE  EXPERIMENTS 

The  shock  tube  used  is  schematically  shown  in  Fig.l.  It  is  vertically 
mounted  with  the  driver  section  in  the  lower  part.  The  driven  section  of  5.6  m 
long  is  constituted  with  a  pure  air  section  of  2  m  long  and  the  upper  part  of 
dispersed  mixture.  The  internal  diameter  is  70  mm.  As  illustrated  in  the  wave 
diagram,  a  plane  shock  front  is  formed  in  the  air  section,  and  is  incident  to 
decay  through  the  mixture.  By  this  arrangement,  boundary  conditions  of  the  two 
phase  flow  are  simplified,  and  confusions  due  to  interactions  of  contact  surface 
and  expansion  wave  generated  by  the  operation  are  successfully  avoided.  The 
particles  are  fed  through  an  injection  valve  and  dispersed  into  the  tube  by 
driving  a  suction  fan  connected  to  the  top  end  of  the  shock  tube.  Then  the  valve 
is  slid  to  open  the  tube.  Atmospheric  air  is  sucked  in  through  the  port  I  to 
suspend  the  particles,  and  is  exhausted  out  from  port  0  at  the  top  end.  Both 
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Fig.l  Schematics  of  the  shock  tube  and  wave  diagram  operating 
with  a  gas-particle  mixture. 
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of  the  ports  are  equipped  with  a  check  valve  and  a  particle  filter.  After  the 
passing  of  a  shock  front,  the  valves  are  shut  off  by  the  pressure  increase,  so 
that  almost  all  of  the  particles  are  conserved  within  the  tube.  The  sediment  at 
the  bottom  is  collected  for  weighing,  and  the  loading  ratio  averaged  over  the 
test  section  is  obtained.  The  particles  are  glass  beads  of  30  and  50  pm  nominal 
diameters.  The  specific  weight  is  2.5,  and  the  specific  heat  is  0.25  kgf/kg°K. 
In  the  early  stage  of  the  investigation,  a  powder  of  white  carbon  is  used  [4]. 
However,  the  diameter  is  so  small,  i.e.  5-9  pm,  that  some  difficulties 
arose  due  to  coalescence. 

Shock  velocity  of  the  incident  wave,  local  velocity  during  the  decay,  wave 
form  of  pressure,  particle  trajectories  and  particle  number  are  measured.  The 
data  are  taken  at  a  section  2.5  m  downstream  of  the  incidence.  Typical  record¬ 
ings  are  shown  in  Fig. 2,  where  Ms±  and  MSm  denote  Mach  numbers  of  the  incident 
and  the  decaying  shock  front  based  on  sound  speed  of  air.  Mass  flow  ratio  of 
particles  to  air  is  indicated  by  n.  It  is  clearly  observed  in  the  pressure 
signals  that  the  wave  is  initiated  by  a  discontinuous  jump,  which  is  found  well 
agree  with  the  Rankine-Hugoniot  condition  of  air.  The  further  increase  shows 
the  relaxation  process.  As  the  particle  diameter  D  increases,  the  relaxation 
becomes  considerably  longer, e.g. 200  ysec  for  D-10  ym  and  more  than  5  msec  for 
50  ym.  It  should  also  be  noted  that,  as  the  mass  flow  ratio  increases,  the 
leading  front  becomes  weak,  and  the  wave  in  the  extremity  takes  a  continuous 
wave-form.  The  streak  schlieren  pictures  in  Fig. 2(a)  are  not  so  clear  as  usual 
recordings  because  of  cloudy  situation  of  the  fields.  Velocities  of  particles 
are  measured  by  using  a  micro-optical  reader,  and  the  accelerations  are  deter¬ 
mined  by  polynomial  fittings.  Particle  number  is  obtained  by  counting  light 
pulses.  A  light  beam  of  a  He-Ne  laser  is  focused  at  a  measuring  point,  and  the 
light  signals  scattered  by  particles  in  crossing  the  sampling  volume  are 
collected  by  a  photo-multiplier.  The  optical  arrangement  and  the  output  signals 
are  shown  in  Fig. 2(c).  The  volume  is  measured  to  be  100  ym  in  diameter  and  1  mm 
in  length.  Two  systems  are  used;  one  is  focused  at  the  center,  r=0,  and  the 
other  is  at  5  mm  from  the  tube  wall,  or  at  80  %  of  the  radius  R.  The  density  of 
the  pulse  near  the  wall  is  considerably  lower  than  the  density  at  the  center. 
The  pulse  numbers  during  an  interval  of  0.5  msec  at  every  shock  tube  run  are 
averaged  over  ten  runs  to  express  the  number  density  of  particles. 

UNSTEADY  ONE-DIMENSIONAL  ANALYSIS  AND  DISCUSSIONS  OF  WAVE-FORMS 

In  the  mathematical  formulation,  volume  interaction  is  neglected,  since 
volume  fraction  of  particles  is  estimated  less  than  1  %.  The  interactions  due 
to  drag  force  and  heat  transfer  between  the  phases  are  taken  into  account. 

Then,  the  system  of  equations  for  the  averaged  continuum  takes  the  simplest 
form  as  follows. 


3f  +  taPW  =  0,  dt  +  lxOUP  0  ...(la, lb) 

|F(pu  +  <Wp)  +  |?(PK2  +  attp2)  +  |£-  0  . <2> 

-~(p(<7v2,  +  yWZ)  +a((7T+  ju£)]+^;lpu(GpT  +  ^u1)  +OUp(  <?T  +jug)}  =0  ..(3) 
TtUP  +  UPlxUPm~kMCD\u~up\('u~uP)'  IF  +UP  3x  “Wd  <5?7  • .  •  (4a, 4b) 


In  the  equations,  p  :  density  of  gas,  a  :  mass  of  particles  per  unit  volume 
of  the  mixture,  u  and  Up  :  -'elocities  of  gas  and  particles,  p  :  pressure,  T  and 
T  :  temperatures  of  gas  and  particles.  Op  and  cv  :  specific  heats  of  gas,  a  : 
specific  heat  of  particle  material,  D  :  particle  diameter,  d  :  density  of  particle 
material,  y  :  viscosity  of  gas,  N u  :  Nusselt  number,  Pr  :  Prandtl  number.  Re  : 
Reynolds  number  of  particle,  and  6mc/ep-  1.  Ideal  gas  laws  are  applied  for  the 
gas  phase. 
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Fig.  3  Drag  coefficient  of  particles  in  dispersed  mixture 

of  air.  The  data  except  1  are  obtained  by  shock  tubes. 


The  wave  motion  corresponding  to  the  diagram  in  Fig.l  is  analyzed  using 
the  method  of  characteristics  [4].  The  initial  and  the  boundary  conditions  are 
prescribed  as  follows; 

(a)  The  region  0  is  at  a  constant  state  and  at  a  uniform  dispersion,  i.e 

u  =  up  =  0,  p  =  Po,  T=  T=  To  and  n  =  Do- 

(b)  Given  the  velocity  Us±  of  the  incident  front  at  section  of  incidence  Xq, 
the  trajectory  of  shock  front  is  to  be  determined  using  the  Rankine-Hugoniot 
relations  and  the  frozen  condition  for  the  air  and  the  particle  respectively. 

(c)  Along  the  path  CpR  of  boundary  particle,  the  air  follows  the  simple  wave 
relation,  and  the  number  of  particle  is  infinitesimal,  i.e.  0=0. 

The  laws  of  drag  and  heat  transfer  give  significant  differences  in  the 
calculated  waveforms.  Three  correlations  of  drag,  as  compared  in  Fig. 3,  and  the 
Knudsen-Katz  formula  of  heat  transfer,  i.e.  Nu  =  2  +  0. 6Pr 1 '  3  He1  /2  ,  ate  used. 

The  Ingebo's  law  takes  the  lowest  drag  for  dispersed  systems.  The  present  data 
are  obtained  by  a  similar  method  as  made  by  Rudinger[5].  Using  steady  equations 
of  mass  and  momentum,  values  of  Cp  and  Re  are  determined  from  pressure  data  and 
velocity  and  acceleration  of  particles.  The  data  at  0.1  msec  after  the  front 
are  used  in  order  to  avoid  the  effect  of  unsteady  propagation  of  the  leading 
shock  front.  A  considerable  amount  of  scatter  exists  in  the  results  due  to  a 
random  appearance  of  particle  trajectories  in  the  streak  pictures.  The  Cp  data 
in  Fig. 3  seem  to  increase  as  the  particles  become  large,  probably  due  to 
differences  in  interaction  distance  between  particles.  No  reasonable  correction 
is  found  to  express  the  effect  at  this  stage.  The  present  value  obtained  for 
30  pm  particles  is  found  close  to  the  result  of  Rudinger. 

The  changes  of  waveforms  during  the  shock  wave  decay  are  typically  shown 
in  Fig. 4.  The  incident  shock  front  of  Msi  m  1.6  decays  over  a  distance  of  more 
than  10  meters  to  a  steady  front  of  Mse=  1.27.  The  final  Mach  number  is  identical 
with  the  value  predicted  by  an  effective  gas  model,  where  the  incident  wave  is 
transmitted  through  a  gas  specified  with  "effective"  values  of  gas  constant  and 
specific  heat  ratio.  The  terminal  waveforms  coincide  with  the  stationary  shock 
waveforms  calculated  with  the  value  of  MSe •  As  the  mass  flow  ratio  increases, 
the  terminal  shock  front  becomes  weak  as  stated  before.  Fig. 4(c)  indicates  the 
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H  =  0. 6  [1]  x  =  2.5  m,  Msm  =1.43 

[2]  x  =  5.0  m,  Msm  =1.32 
:  =  7.3  m,  Msm  =1.27 


[3] 


ri  =  2. 0  [A]  x  =  2.3  m,  Msm=1.12 

[  B  ]  x  =  5 . 0  m ,  Msm  =1.00 


Incident  Shock  front  Msi  =  1.6 
Particle  D = 50  um.  Co-present 


Fig.  4  Processes  showing  the  decay  of  a  shock  front  and  local 
waveforms  calculated  at  distance  x  from  the  incidence. 


process  whereby  a  continuous  waveform  is  realized.  It  should  be  remarked  that 
the  shock  wave  continues  to  decay  so  long  as  the  steady  waveform  at  the  local 
shock  Mach  number  exceeds  the  local  unsteady  waveform. 


Experiments]  pressure  and  particle  velocity  are  compared  with  the  results 
of  analyses  in  Fig. 5.  In  the  velocity  diagram,  ten  readings  from  the  streak 
pictures  are  shown  in  a  form  of  histogram  for  every  100  usee.  The  pressures 
calculated  by  stationary  wave  equations  exhibit  considerably  higher  increase 
than  the  experimental  results.  This  is  because  the  shock  wave  is  decaying  at 
the  section  of  measurements.  Such  unsteady  effect  does  not  appear  so  clearly  in 
the  velocity  as  in  the  pressure.  The  unsteady  pressures  related  to  the  present 
correlation  of  drag  seem  to  agree  well  with  the  leading  part  of  the  experimental 
profiles.  However,  a  considerable  amount  of  deviation  arises  in  the  rear  part, 
in  accordance  with  an  experimental  evidence  that  the  final  pressure,  which  does 
not  depend  on  the  descriptions  of  the  transfer  processes,  is  lower  than  the 
predicted.  The  other  two  correlations  take  lower  values  of  drag  force  than  the 
present  correlation  in  the  experimental  range  of  Re  number.  Then,  the  decay  of 
shock  front,  the  pressure  increase  and  the  particle  acceleration  are  calculated 
less  gradual,  and  the  rate  of  pressure  increase  becomes  similar  to  the  results 
of  the  experiments.  It  is  still  premature  to  find  out  the  most  suitable  corre¬ 
lation  among  the  three,  because  oi  the  presence  of  various  uncertainties  and 
assumptions  in  the  formulation  of  the  flow,  e.g.  non-uniform  initial  dispersion, 
inter-particle  actions  and  two-dimensional  motions. 


A  FUNDAMENTAL  CONSIDERATION  OF  BOUNDARY  LAYER  EFFECT 


The  measurement  of  particle  number  reveals  that  the  number  density  near 
the  tube  wall  is  considerably  lower  than  the  density  at  the  center  axis.  Typical 
results  are  shown  in  Fig. 6.  At  the  center,  i.e.  r=0  mm,  the  density  increases 
similarly  with  the  result  of  unsteady  analysis,  while  the  density  at  r = 28  mm 
seems  almost  constant  and  is  50  %  lower  than  the  center  flow  density  at  the  end 
of  the  process.  Such  concentration  of  particles  may  be  expected  due  to  an  effect 
of  wall  boundary  layer.  In  an  usual  shock  tube  flow,  the  growth  of  the  boundary 
layer  acts  as  a  mass  sink  in  a  shock  fixed  co-ordinate  system  so  that  the 
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Fig.  6  Number  density  of  particles  showing  the  cross-sectional 
concentration.  Msnl  =1.31  and  D  =  50  pm. 

pressure  increases  with  distance  from  the  shock  front.  In  the  present  case,  the 
particles  in  the  boundary  layer  receive  a  lift  force  due  to  the  velocity  shear 
of  the  gas  flow  and  move  away  from  the  tube  wall  [61,  so  that  the  structures 
of  one-dimensional  wave  are  modified  through  a  somewhat  different  mechanism. 

Two-phase  boundary  layers  are  treated  by  various  authors  [7]  using  the 
method  of  momentum  integral  relations.  In  the  early  stage  of  the  present  study, 
the  interaction  problem  of  boundary  layer  flow  and  the  external  tube  flow  is 
intended  to  solve  iteratively  accounting  for  the  displacement  effect.  The  system 
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is  constituted  with  equations  of  continuity,  motion  and  energy  describing  the 
external  flow  of  gas  phase,  a  momentum  integral  relation  of  the  two  phase 
boundary  layer,  and  equations  of  motion  and  energy  of  particles  with  external 
forces  of  lift  and  drag.  The  interaction  is  introduced  in  the  continuity  equation 
by  adding  a  normal  velocity  term  as  the  mass  sink,  which  is  related  to  the 
displacement  thickness  by  the  integral  relation  of  continuity  of  the  boundary 
layer.  However,  the  method  is  found  unsuccessful  because  that  particles  in  the 
boundary  layer  completely  fly  out  to  interact  with  free  stream  particles  at 
different  velocities  and  phase  densities,  so  that  the  concept  of  displacement 
effect  is  no  more  applicable  for  the  external  flow  correction.  Basic  knowledges 
about  the  behaviors  and  the  concentration  of  particles  must  be  required.  The 
following  procedure  is  executed  as  a  preliminary  investigation. 


(1)  Boundary  layer  profiles  of  velocity  and  temperature  in  a  shock  fixed 
coordinate  are  calculated  by  numerically  integrating  the  momentum  integral 
relation.  The  one-dimensional  waveforms  are  used  as  conditions  at  the  edge  of 
the  layer.  It  is  assumed  that  the  particles  are  absent  from  the  layer,  and  that 
the  velocity  and  the  temperature  are  expressed  by  third  order  polynomials. 

(2)  A  Lagrangian  cell  of  particle  phase,  which  is  located  initially  behind  the 
shock  front,  is  represented  by  a  particle  (i) ,  and  the  trajectory  and  the  phase 
density  are  obtained  by  integrating  the  following  equations; 


UplxUP~  F  y  ^  U  ~  UP^  ’  MP3xUP  = 
uP~3x  °  ~  ~  °  [  3xwP+  3 yVP^  ’ 


Ep 


(u -  Up) 


+ 


F  y  ( v  —  vp  ) . . .  (5a, 5b) 


(5) 


and  Eq.(4b),  where,  d/dx  denotes  a  differentiation  along  the  i-th  trajectory,  u 
and  V  are  velocity  components  i  the  direction  of  x  and  y.  Drag  and  lift  forces 
take  the  most  simple  forms,  so  that  F =  3A/ (4D2d)  and  E  =  -3a/(4irO(f)  . 

(3)  When  more  than  two  trajectories  intersect  each  other,  a  force  of  impaction 

acted  to  the  reference  particle  by  the  others  (r)  is  added  to  the  right  hand 
sides  of  Eqs.  (5)  .  It  is  expressed  as  I  F  ir  -tij- ) ,  see  Soo[8],  and  the 

fraction  impacted  is  taken  as  unity  in  the  calculation. 

(4)  Density  5  and  velocities  of  particle  phase  at  a  point  of  intersection  are 

determined  as  E  oi  ,  £  a1  ui,  /  a  and  X  oi  vi  I  5  respectively, 

i  i  P  l  P 

In  Fig. 7,  trajectories  of  representative  particles  and  the  density  profiles 
are  shown.  The  thickness  of  the  boundary  layer  and  the  highly  concentrated  layer 
are  calculated  very  thin  in  compared  with  the  tube  diameter  and  the  experimental 
data,  so  that  the  external  flow  must  be  affected  only  slightly.  Nevertheless, 

it  is  clearly  seen  that  the  boundary  layer  influences  the  flow  through  trans¬ 

mitting  particles  crossed  the  shock  front  and  generating  a  high  density  zone 
outside  of  the  layer.  The  thickness  reaches  several  times  the  boundary  layer 
thickness.  Such  non-uniform  distribution  of  particle  density  modifies  the  gas 
flow  in  the  second  step  of  the  iterative  procedure.  However,  an  assumption  of 
thin  layer  neglecting  the  normal  gradient  of  pressure  will  be  no  more  valid. 
Profiles  of  pressure  and  gas  velocity  are  estimated  by  assuming  parallel  stream 
tubes.  As  indicated  in  the  figure,  the  normal  gradient  of  pressure  is  almost 
two  hundreds  times  the  axial  gradient,  so  that  a  normal  motion  of  particles  and 
gas  must  be  induced  toward  the  center.  The  procedure  obtaining  the  two-phase 
profiles  are  not  completed  at  this  stage,  and  a  reasonable  method  of  analysis 
must  be  developed  to  execute  the  second  step.  The  experimental  results  of 
particle  number  indicate  that,  in  contrary  to  the  estimated,  the  density  near 
the  wall  is  considerably  rarefied.  The  difference  may  be  partly  due  to  the 
modeling  of  the  interaction  of  particles  from  the  boundary  layer  with  the  free 
stream  particles.  If  a  complete  momentum  mixing  is  assumed,  then  the  free  stream 
particles  are  expected  to  be  more  deflected,  and  the  particle  phase  is  rarefied 
near  the  edge  of  the  boundary  layer.  Of  course  the  real  situation  is  much 
complicated,  and  the  complete  modeling  may  be  very  difficult. 
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Fig.  7  Trajectories  and  phase  density  of  particles  induced  by 

boundary  layer.  Interaction  between  particles  appears  slightly. 

CONCLUDING  REMARKS 

Structures  of  shock  waves  in  solid  particle  and  gas  mixtures  are  discussed 
by  experiments  and  analyses.  Effects  of  unsteady  propagation  of  shock  front 
initiating  the  process  are  made  clear.  Several  drag  laws,  including  results  of 
the  present  measurement,  are  used  to  describe  the  momentum  transfer  between  the 
particles  and  the  gas,  but  discrepancies  arise  significantly  between  the  wave¬ 
forms  in  experiments  and  in  analysis.  Among  various  uncertainties,  the  boundary 
layer  effect  is  concerned,  since  the  mechanism  of  interaction  with  the  external 
flow  is  not  made  clear  for  the  two  phase  flow.  The  usual  concept  of  displacement 
effect  is  found  no  more  suitable,  and  the  interaction  takes  place  through  a 
cross-sectional  concentration  of  particles.  The  particles  incoming  to  the 
boundary  layer  are  transmitted  out  into  the  external  flow  by  an  action  of  lift 
force  induced  by  velocity  shear.  Though  the  iterative  procedure  of  analysis  is 
not  completed  at  yet,  and  though  the  concentrated  layer  is  unexpectedly  thin, 
an  induced  inward  flow  is  estimated  to  arise  so  that  the  experimental  profiles 
of  the  two  phase  flow  may  be  approached. 
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Small  particles  (near  1  intO  suspended  in  a  gas 
are  difficult  to  remove  by  conventional  separation 
equipment.  A  promising  technique  is  to  expose  the 
suspension  to  a  field  of  high-intensity  standing 
sound  waves  in  which  the  motion  of  particles  rela¬ 
tive  to  one  another  leads  to  collisions  and  agglo¬ 
meration.  The  resulting  increase  in  the  average 
particle  size  then  facilitates  particle  removal 
by  conventional  means.  Experiments  Indicate  marked 
Increase  in  the  agglomeration  rate  if  the  intensity 
of  the  oscillations  becomes  so  high  that  the  sound 
waves  steepen  to  form  oscillating  shock  waves. 
Particles  also  exhibit  a  strong  tendency  to  drift 
to  the  nearest  velocity  node.^The  drift  velocity 
in  a  field  of  oscillating  shoes.  waves  is  evaluated 
as  affected  by  the  frequency  and  amplitude  of  the 
oscillations  and  by  the  particle  relaxation  time. 

The  results  are  compared  with  those  for  a  hypothet¬ 
ical  field  of  sinusoidal  sound  waves  and  indicate 
that  the  drift  velocity  can  be  considerably  larger 
for  oscillating  shock  waves  than  for  standing  sine 
waves.  Times  required  for  particles  to  drift  from 
a  point  close  to  a  loop  to  the  nearest  node  are  com¬ 
puted  for  several  cases  and  are  consistent  with 
preliminary  experimental  observations. 


Introduction 


Many  industrial  processes  produce  a  gas  with  small  suspended 
particles  which  must  be  removed  before  the  gas  can  be  used  or  ex¬ 
hausted  into  the  atmosphere.  Conventional  separation  equipment, 
such  as  cyclones,  loose  efficiency  if  the  particles  are  smaller 
than  a  few  yin,  but  acoustic  agglomeration  is  a  promising  technique 
to  overcome  this  difficulty.1**  Inability  of  the  particles  to 
follow  rapid  gas  oscillations  leads  to  formation  of  agglomerates 
for  which  average  removal  by  conventional  means  becomes  practicable. 


■^Work  supported  in  part  by  the  United  States  Department  of  Energy 
^Department  of  Mechanical  and  Aerospace  Engineering 
“^Department  of  Electrical  Engineering 
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If  the  wave  intensity  is  increased,  sinusoidal  sound  waves  become 
distorted  and  eventually  develop  into  oscillating  shock  waves. 
Observations  in  standing-wave  field  have  shown  that  particles 
drift  toward  the  nearest  velocity  node,  where  the  resulting  in¬ 
crease  in  concentration  enhances  the  agglomeration  rate.  For  a 
complete  understanding  of  agglomeration,  it  is  therefore  impor¬ 
tant  to  be  able  to  predict  particle  drift.  Drift  in  a  field  of 
standing  sinusoidal  waves  has  been  analyzed  previously 1 > 3 > 4 ;  it 
had  also  been  pointed  out  that  drift  is  affected  by  distortion  of 
the  wave  form1 ,  but  apparently  no  investigations  of  particle  drift 
in  a  field  of  oscillating  shock  waves  have  been  made. 

Experiments 

Experiments  were  performed  in  a  vertical  plexiglass  test  tube 
of  75  mm  diameter  and  1.5  m  length.  A  loudspeaker  assembly  was 
connected  to  the  top  of  the  tube,  and  the  bottom  was  closed.  It 
was  loaded  with  an  aerosol  (NH4CI,  Dp  =  0.2-0.5um,  pp  =  1.58g/cm3) 
at  a  concentration  of  4  0  g/m3.  Sound  pressure  levels  and  wave 
forms  were  recorded  by  a  calibrated  microphone,  and  the  size  of 
the  agglomerated  particles  was  determined  by  sampling  and  electron 
micrographs.  Details  are  given  elsewhere.5 

Initially,  the  particles  formed  a  dense  cloud,  but  some  time 
after  turning  on  the  sound,  the  cloud  became  much  more  transparent 
except  near  the  nodes  indicating  reduction  of  the  number  density 
between  the  nodes  as  result  of  agglomeration  and  drift.  Shock 
waves  were  formed  when  the  sound  pressure  level  exceeded  approxi¬ 
mately  160  dB,  and  agglomeration  and  drift  became  much  more  rapid 
at  still  higher  intensities.  The  marked  increase  of  the  agglom¬ 
eration  rate  after  formation  of  shock  waves  had  previously  been  ob¬ 
served  by  Temkin.6  At  about  170  dB,  and  a  frequency  of  0.5  kHz, 
the  experiment  was  essentially  completed  within  approximately  10  s 
after  turning  on  the  sound.  Samples  of  the  agglomerated  particles 
indicated  typical  particle  sizes  of  10  to  20  urn.  Acoustic  pressure 
levels  are  generally  expressed  in  dB,  and  the  relationship  to  other 
measures  of  shock  strength,  outlined  in  the  Appendix,  indicates 
that  these  shocks  are  much  weaker  than  those  usually  considered 
in  gas  dynamics. 

Analysis 

Analysis  of  particle  motion  in  the  oscillating  flow  field  is 
based  on  the  often  made  assumptions  that  the  particle  is  spherical 
and  that  the  velocity  of  the  particle  relative  to  that  of  the  gas 
is  small  enough  that  Stokes  drag  is  sufficiently  accurate.  Forces 
on  the  particle  associated  with  the  distortion  of  the  flow  field 
by  an  accelerating  particle  are  neglected,  because  the  particle 
density  is  about  three  orders  of  magnitude  larger  than  the  gas 
density;  for  small  particles,  gravity  also  is  insignificant  com¬ 
pared  with  viscous  drag  as  long  as  their  settling  velocity  is  much 
smaller  than  the  velocities  of  interest7.  The  equation  of  particle 
motion  is  then  given  by 

(irD3ppp/6)  (dUp/dt)  =  3*Dpu(u-up)  (1) 

where  Dp,  pp  and  up  are  the  particle  diameter,  material  density 
and  velocity,  u  ana  y  are  the  velocity  and  viscosity  of  the  gas, 
and  t  is  time.  After  division  by  the  mass  of  the  particle,  this 
equation  becomes 

dUp/dt  =  (u-up)/x 


(2) 
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where  x  =  ppD2p/l8u  is  the  particle  relaxation  time,  and  u  is  de¬ 
fined  as  the  gas  velocity  at  the  location  of  the  particle.  Since 
the  particle  moves  in  an  oscillating  flow  field,  u  must  be  described 
as  a  function  of  x  and  t  before  Eq .  (2)  can  be  solved.  The  fol¬ 
lowing  description  of  the  field  of  oscillating  shocks  is  based  on 
the  one  given  by  Temkin.8  A  wave  diagram  for  one  cycle  is  shown 
in  Pig.  1,  where  shock  waves  oscillate  between  x  =  0  and  x  =  L. 

For  the  present  analysis,  it  is  Immaterial  whether  these  points 
represent  physical  boundaries  or  nodes  of  higher-mode  oscillations. 
These  shock  waves  are  so  weak  that  their  velocity  is  practically 
equal  to  the  speed  of  sound  c  in  the  gas.  They  have  a  constant 
strength  that  is  conveniently  expressed  by  Au/c,  where  Au  is  the 
velocity  change  across  the  shock,  or  simply  by  Au,  since  only  con¬ 
stant  values  of  c  will  be  considered  (see  Appendix).  It  is  evident 
from  Pig.  1  that  the  frequency  f,  or  cycle  time  1/f,  and  the  dis¬ 
tance  L  between  nodes  are  related  by  L  =  c/2f.  The  shock  waves 
thus  divide  the  flow  field  for  each  cycle  into  two  regions:  region 
I,  which  lies  behind  a  shock  wave  traveling  in  the  direction  of 
increasing  x,  and  region  II  where  it  travels  in  the  opposite  direc¬ 
tion.  Within  each  region,  the  flow  velocity  is  not  a  function  of 
time  but  varies  linearly  with  x  between  0  and  Au  as  shown  in  Fig. 

2;  it  is  positive  in  region  I  and  negative  in  region  II.  The  heavy 
lines  indicate  the  distribution  for  a  shock  traveling  to  the  right. 


It  is  convenient  to  introduce  the  dimensionless  variables 
U  =  u/Au,  Up  =  up/Au,  5  =  x/L  and  0  =  t/t.  Velocities  in  regions 
I  and  II  then  are  given  by 


Uj  =  £  and  un  -  C  -  1  (3) 

The  shock  trajectories  shown  in  Pig.  1  can  be  expressed  as 

S1:  e  =  2fT0;  S2:  5  =  2(l-fx0);  S3:  C  =  2(l+fTe)  (4) 

In  Eq.  (2),  u  is  a  function  of  the  particle  position  x,  and 
Up  =  dx/dt,  and,  in  dimensionless  variables,  Eq .  (2)  becomes  there¬ 
fore 

d2C/de2  +  dc/de  -  Kc  =  0  for  region  I  (5a) 

d2£/de2  +  d£/d8  -  K£  *  -K  for  region  II  (5b) 


where  K  =  tAu/L  =  2fxAu/c  is  a  dimensionless  constant.  The  solu¬ 
tion  of  Eqs.  (5)  Is  given  by 


Pig.  1  Wave  diagram  for  oscil¬ 
lating  shocks  (Si,S2  and  S3) 
and  a  particle  trajectory 
(broken  line) . 


Fig.  2  Velocity  distribution  in 
regions  I  and  II.  Heavy  line 
indicates  distribution  for  a 
shock  traveling  to  the  right. 
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a  i  0  (*20 

C  =  Aje  +  A2e  (6) 

where  a!  and  a2  are  the  roots  of  a2+  a  -  K  =  0.  The  integration 
constants  Aj  and  A2  must  be  found  from  prescribed  initial  condi¬ 
tions  for  regions  I  and  II.  A  particle  trajectory  is  indicated 
in  Pig.  1  as  a  broken  line  and  intersects  the  three  shocks  at  points 
1,  2  and  3.  For  region  I,  £1  can  be  arbitrarily  selected  and  the 
corresponding  dimensionless  time  is  0j  =  £i/2f-r.  The  initial  value 
of  the  derivative  (d£/d0)i  =  KUpx  at  point  1  is  not  known  before¬ 
hand,  but  a  close  approximation  can  be  obtained,  because  drift 
during  one  cycle  and  the  amplitude  of  the  particle  oscillations 
are  so  small  that  the  particle  trajectory  can  be  approximated  by 
C  -  £1  -  const.  Since  U  then  is  also  constant  within  each  region, 
the  solution  of  Eq.  (2)  becomes  a  simple  exponential.  The  particle 
velocity  at  points  2  and  3  is  determined  by 

- ( 0  2-0  1 ) 

Up2  ~  uj  =  (Up  -  Uj)e  for  region  I 

-(0  3-0  2 ) 

up3  ~  UIX  =  (Up^  -  UIX )e  for  region  II 

where  Uj  and  Un  are  given  by  Eq.  (3);  the  time  intervals  follow 
from  Fig.  1  as  02-0i  =  (l-s)/ft  and  03  -  ©2  =  £i/fi.  If  one  elim- 
inates  Up2  from  these  equations  and  sets  Up^  =  Upi,  according  to 

the  foregoing  assumptions,  the  initial  velocity  is  found  as 


d£l  1  ~  expC-Cj/fi) 

*  kupi  =  K[51  -  r--i^i7f7r] 


One  can  then  evaluate  A^  and  A2  in  Eq.  (6)  and  obtain  the  equation 
of  the  particle  trajectory  in  regionlas 


£1  - 


K  (l+a2)U  ,-£1  « 1  (  0—0  1  ) 

{ - __L -  [e 


aj-a2 


“1 


-  1] 


(l+a1)Up1-£1  _  a2(0-0j ) 


a  2 


[e 


-  1]} 


(8) 


Since  ©2  =  (2-£2)/2ft  from  Fig.  1,  Eq .  (8)  can  be  solved  for  £  =  £, 
by  iteration;  differentiation  of  Eq.  (8)  and  substitution  of  the 
result  then  yields  also  (d£/d0)2.  In  the  next  step,  Eq .  (5b)  can 
be  solved  for  region  II  in  the  same  manner.  The  initial  conditions 
are  now  given  by  £2,  e2  and  (d£/d9)2.  Intersection  of  the  trajectory 
with  shock  3  yields  £3  and  ©3,  and  the  drift  velocity  for  this 
cycle  is  therefore 


UD  =  (x3-x1)/(t3-t1)  =  (L/t)(£3-£1)/(83-01 


(9) 


Since  the  difference  between  £3  and  £3  is  quite  small,  a  high  accu¬ 
racy  (6  significant  figures)  is  needed  to  obtain  meaningful  results. 
In  an  attempt  to  improve  the  Initial  approximation  for  (d£/d©)i, 
the  results  for  point  3  were  used  as  starting  values  for  another 
cycle  but  led  to  no  significant  changes  in  up.  The  drift  velocity 
is  always  found  to  be  directed  toward  the  nearest  node,  where  it 
must  be  zero.  It  also  must  be  zero  at  the  loop  point,  £  =  0.5 
because  of  the  symmetry  of  the  flow  field,  but  this  location  is 
not  stable,  because  the  slightest  deviation  starts  the  drift  toward 
the  nearest  node.  The  drift  time  from  loop  to  node  is  taken  as 

f0 . 005 

At  -  L  d£/un 

J0.495  D 


(10) 
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where  the  limits  are  somewhat  arbitrarily  selected  because  up  =  0 
at  £  =  0  and  0.5.  Values  of  Uq  were  computed  for  several  values 
of  (Fig.  3),  and  At  then  was  determined  numerically. 

It  is  of  interest  to  compare  the  results  with  those  for  stand¬ 
ing  sinusoidal  waves  of  equal  maximum  velocity  change.  Such  waves 
are  purely  hypothetical,  since  they  would  steepen  immediately  to 
form  oscillating  shock  waves,  but  the  comparison  indicates  the  ex¬ 
tent  to  which  shock  waves  are  more  or  less  effective  in  driving 
particles  toward  the  nodes.  For  a  standing  sine  wave,  one  has 

u  =  ( au/2 )  sin(irx/L)  sinut  (11) 

where  w  =  2irf.  Substitution  into  Eq.  (2)  leads  to 

d2£/de2  +  d£/de  -  ( K/2 )  sinn£  sinurS  =  0  (12) 

Marble4  solved  this  equation  by  a  series  expansion  in  terms  of  the 
small  parameter  K/2  and  obtained  the  drift  velocity  at  £  as 

Un  =  -  - — -  Sin  2n £  (13) 


Thus,  the  maximum  drift  velocity  is  obtained  for  idt  =  1  and  at 
£  =  0.25,  that  is,  at  the  center  between  loop  and  node.  A  more 
elaborate  theory  by  Dukhin3  (see  also  ref.  1)  accounts  for  forces 
resulting  from  the  distortion  of  the  flow  field  by  the  particle, 
but  the  results  become  identical  to  Marble's  if  ( 2/3 )  [  (  Pp/P  )/wt  ] 

>>  1,  where  p  is  the  gas  density.  This  condition  is  reasonably 
satisfied  for  the  present  study,  since  pp/p  =  0(103)  and  or  «  1  in 
the  range  of  main  interest.  Drift  times  for  sinusoidal  oscilla¬ 
tions  are  obtained  by  substituting  Eq.  (13)  into  Eq.  (10);  inte¬ 
gration  then  yields 

At  =  1 . 322c/fuDmax  =  2.115  c2/ f Au2  .  (14) 

Results  and  Discussion 


The  following  examples  are  based  on  particle  relaxation  times 
between  0.01  and  1.0  ms  and  frequencies  of  0.5  and  1.0  kHz.  The 
speed  of  sound  is  always  taken  as  3^7  m/s,  and  shock  strengths  are 
specified  by  velocity  changes  Au  between  10  and  40  m/s.  As  seen 
in  the  Appendix,  the  corresponding  sound  pressure  levels  range  from 
somewhat  below  160  dB  to  about  170  dB  and  are  typical  for  acoustic 
agglomeration  work.  As  the  analysis  in  the  preceding  section 
shows,  drift  velocities  do  not  depend  on  f  and  r  separately  but 
only  on  the  product  ft.  However,  the  frequency  also  enters  expli¬ 
citly  into  calculations  of  drift  times. 

Variations  of  the  drift  velocity  between  loop  (£  =  0.5)  and 
node  ( £  =  0)  are  shown  in  Fig.  3  for  u  =  40  m/s  and  for  the  six 
combinations  of  f  and  t  identified  in  the  caption.  Solid  lines 
refer  to ^oscillating  shocks  and  broken  lines  to  standing  sinusoidal 
waves.  Effects  of  varying  f  and  t  are  Indicated  separately  to  dem¬ 
onstrate  the  effect  of  those  variables  directly.  In  general,  the 
shocks  produce  significantly  larger  drift  velocities  than  sine 
waves  —  three  times  as  large  in  case  (c)  — ,  but  the  difference 
becomes  smaller  as  f  and  t  increase.  For  the  largest  values  of  f 
and  t,  the  difference  actually  reverses,  case  (d).  For  sinusoidal 
waves,  the  maximum  is  always  at  the  center  between  loop  and  node 
( £  =  0.25),  but  for  shock  waves,  it  is  increasingly  shifted  toward 
the  node  as  f  and  t  decrease.  This  shift  was  a  completely  unex¬ 
pected  finding. 
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0.25  0.5  0  0.25  0.5  0  0.25  0.5 
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Position  £  =  X/L 

Fig.  3  Variation  of  drift  velocity  (taken  as  positive) 
for  A u  =  40  m/s,  for  oscillating  shocks  (solid  lines) 
and  standing  since  waves  (broken  lines). 


f 

f (m/s) 

(kHz) 

1.0 

0.1 

0.01 

0.5 

(a) 

(b) 

(c) 

1.0 

(d) 

(e) 

(f) 

The  marked  increase  of  up  at  (  =  0.25  with  increasing  shock 
strength  is  shown  in  Fig.  4.  A  scale  for  idt  is  provided  at  the 
top  of  the  figure.  It  shows  that  all  maxima  lie  at  u>t  =  1,  as  in 
the  case  of  sinusoidal  oscillations  indicated  by  Eq.  (16),  although 
the  analysis  involves  only  f  and  not  u>.  For  sinusoidal  oscilla¬ 
tions,  Eq.  (13)  gives  a  simple  relationship  between  upc/Au2  at 
e;  =  0.25  and  u>t  or  fr  which  is  shown  in  Fig.  5  as  the  solid  curve. 
Data  from  Fig.  4  also  are  entered  with  different  symbols  identify¬ 
ing  different  values  of  Au.  These  fall  almost  exactly  on  a  single 
curve.  The  small  residual  scatter  is  believed  to  be  a  consequence 
of  the  increasing  shift  of  the  maximum  of  up  at  small  values  of  fT. 
This  figure  again  shows  the  much  larger  drift  velocities  produced 
by  oscillating  shocks  except  for  high  values  of  ft.  The  curves 
actually  cross  over  at  about  u>t  ■  4,  but  the  reason  for  this  be¬ 
havior  is  not  clear.  If  the  solid  curve  is  enlarged  by  a  constant 
factor  of  1.52  to  match  the  shock  data  at  their  maximum,  the  broken 
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Fig.  4  Effect  of  shock  strength 
(Au)  on  drift  velocity  (taken 
as  positive)  at  (  =  0.25. 


WT 


Fig.  5  Drift  velocity  parameter 
(taken  as  positive)  at  (  =  0.25. 
Symbols  refer  to  shock  waves  of 
various  strength  and  solid  line 
to  standing  sine  waves;  broken 
line  represents  solid  line  multi¬ 
plied  by  1.52  to  match  shock  data 
at  maximum. 


line  is  obtained.  It  lies  close 
to  the  data  points  for  ut  <  1 
but  is  considerably  higher  for 

U>  T  >  1  . 

The  time  required  for  a 
particle  to  drift  from  a  point 
close  to  a  loop  ( £  =  0.495)  to  a 
point  close  to  the  nearest  node 
(£  =  0.005)  is  indicated  in 
Table  1  for  both  oscillating 
shocks  and  standing  sine  waves 
for  the  six  combinations  of  f 
and  t  considered  and  for  Au  = 

40  m/s  (about  170  dB).  Also 
listed  are  the  maximum  values  of 
the  drift  velocity  from  Fig.  3 
and  the  diameters  of  NH4CI  par¬ 
ticles  in  air  computed  from  t. 

The  values  for  f  =  0.5  kHz  thus 
correspond  to  the  described  ex¬ 
periments.  It  can  be  seen  that 
computed  travel  times  of  several 
seconds  are  consistent  with  the 
observed  particle  sizes  of  sev¬ 
eral  ym.  A  more  quantitative 
agreement  could  not  be  expected 
because  of  the  limited  data 
available  from  the  preliminary 
experiments . 

In  summary,  it  can  be  seen 
that  oscillating  shock  waves 
produce  drift  velocities  toward 
the  nearest  node  that  are  almost 
exactly  proportional  to  Au2. 

These  velocities  are  about  1.5 
times  larger  than  those  produced 
by  standing  sound  waves  for 
hit  <  1,  but  this  ratio  gradually 
decreases  for  larger  values  of 
idt  and  falls  below  1.0  at  about 
wt  =  4.  The  reason  for  this  re¬ 
sult  is  not  clear  at  this  time. 
Also, the  unexpected  shift  of 
the  maximum  of  uD  toward  the  node 
is  not  yet  understood.  These 
questions  would  require  further 
investigation. 
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Table  1.  Drift  times  for  Au  =  40  m/s  and  c  =  347  m/s 


f (kHz) 

t  (ms ) 

fT 

Dp(um) 

uDmax(mm/s) 
Shocks  Sine  Waves 

At  (s ) 

Shocks  Sine  Wave 

1.0 

1.0 

1.0 

14.7 

33 

45 

13 

10 

0.1 

0.1 

4.6 

196 

130 

2.4 

3-5 

0. 01 

0.01 

1.5 

45 

18 

11 

25 

0.5 

1.0 

0.5 

14.7 

92 

83 

9 

11 

0.1 

0.05 

4.6 

146 

82 

7 

11 

0.01 

0.05 

1.6 

30 

_ 9 

32  _ 

101 

Appendix:  Relationship  between  dB  notation  and  shock  strength 

In  acoustics,  it  is  customary  to  measure  sound  pressure  levels 
in  dB,  which  are  defined  as9  dB  =  20  logioPrms  +  74,  where  prms 
is  the  rms-value  of  the  pressure  amplitude  in  dyn/cm2 .  The  change 
from  maximum  to  minimum  pressure  is  therefore  given  by  Ap  =  2^/2 
Prms  an^  represents  also  the  pressure  change  across  the  correspond¬ 
ing  shock  wave.  For  a  shock  in  atmospheric  air  (Patm  s  106dyn/cm2), 
the  pressure  ratio  is  therefore  P  =  1  +  Ap/patm*  Thus,  a  pressure 
level  in  dB  is  readily  converted  to  P  and,  with  the  aid  of  standard 
shock  equations, also  to  the  shock  Mach  number  Mg  and  relative 
velocity  change  au/c .  The  following  table  lists  a  few  examples 
and  values  for  Au  for  c  =  347  m/s. 

Table  2.  Measures  of  shock  strength 


dB 

P 

"  MS 

Au/c 

Au(m/s) 

160 

1.056 

1.024 

0.040 

13.9 

165 

1.100 

1.042 

0.068 

23.6 

170 

1.178 

1.074 

0.120 

41.6 

175 

1.316 

1.127 

0.200 

69.4 
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A  shock  tube  technique  has  been  employed  to 
establish  a  broad  data  base  for  the  validation  of 
computer  codes  that  predict  IR  radiation  in 
high  temperature  aerosols .  -^Accurate  control  of 
particle  and  gas  temperatures-  and  concentrations 
across  a  wide  range  of  conditions  is  provided  in 
the  reflected  shock  zone  of  a*  shock  tube. 

Particles  up  to  10  pm  diameter  equilibrate  within 
a  small  fraction  of  available  test  time,  making 
parameter  control  independent  of  thermal  lag 
predictions.  Optical  thicknesses  for  either  gas  or 
particle  components  can  be  provided  as  high  as  4. 
Temperature  calculations  supported  by  measurements 
indicate  that  the  equilibrium  aerosol  temperature 
can  be  predicted  to  within  ±  57«  in  the 
temperature  range  1 000  to  2000  K  if  the  particle 
loading  is  restricted  to  roughly  20%  by  mass. 
Independent  measurements  of  particle  concentration 
by  multi-spectral  extinction  and  laser  Doppler 
velocimetry  demonstrate  that  the  particle  cloud  is 
uniform  in  space  and  time  and  that  agglomeration 
is  negligible.  Examples  of  data  are  presented  for 
C,  AI2O3  and  melted  AI2O3  particles 
at  various  optical  depths,  in  transparent  and  IR 
active  gases,  under  conditions  of  multiple 
scattering.  The  results  provide  new  determina¬ 
tions  of  optical  properties  at  high  temperature 
and  a  well-controlled  data  set  for  the  investiga¬ 
tion  of  two-phase  radiation  transport  and 
heterogeneous  combustion  processes. 


INTRODUCTION 

This  work  is  motivated  by  the  need  for  improved  radiative 
transport  diagnostics  of  thermophysical  properties  in 
gas-particle  flows  and  heterogeneous  combustion  processes. 


*  Work  was  supported  by  AFRPL  under  contract  F0461 1 -79-C-001 7 . 


While  significant  progress  has  been  made  in  the  understanding  of 
radiation  transport  in  hot  gas  systems,  predictive  tools  and 
diagnostic  techniques  for  two-phase  gas-particle  systems  are 
less  well  developed ^ .  Two-phase  systems  present  an  impressive 
array  of  problems  including  particle  formation  processes  and 
size  distributions,  coupled  gas-particle  emission,  absorption, 
and  scattering,  and,  in  some  cases,  non-equilibrium  between  gas 
and  particle  temperatures  and  velocities ^  ^ .  The  development 
of  computer  codes  to  handle  this  combination  of  problems 
requires  well  characterized  data  sets  to  test  their  ability  to 
treat  simultaneously  the  spectral  details  of  multiple  scattering 
and  emission/absorption  by  the  gas  and  particles.  Of 
fundamental  importance  in  such  validation  is  the  ability  to 
determine  all  of  the  experimental  parameters,  with  special 
emphasis  on  the  accurate  determination  of  gas  and  particle 
temperature.  The  sensitivity  of  prediction/validation  to 
temperature  errors  is  essentially  the  same  as  the  sensitivity  of 
the  Planck  function  which  in  the  mid-IR  (2  -  5  Mm)  goes  like 
T~3  for  T~1500  K.  Analysis  shows  that  the  sensitivity  of 
two-phase  radiance  to  particle  concentration,  size,  and 
scattering  phase  function  is  slower  than  linear  for  simple 
cylindrical  geometries. 

There  are  two  fundamental  aspects  of  two-phase  radiative 
transport  codes  that  must  be  verified:  particle  optical 
properties  and  two-phase  radiative  transport  models.  The  need 
for  experimental  particle  measurements  arises  from  uncertainties 
in  the  temperature  variation  of  particle  optical  properties, 
from  the  nonspherical  shape  of  many  aerosol  particles ,  and  from 
possible  differences  in  optical  properties  between  the  bulk  and 
powdered  samples.  The  need  for  two  phase  radiative  transfer 
measurements  arises  from  entirely  new  band  modeling  methods 
required  for  two-phase  flows  with  multiple  scattering^.  These 
fundamental  code  modules  require  investigation  over  a  full  range 
of  optical  depths  (dimensionless  length  measured  in  photon  mean 
free  paths)  from  thin  to  thick.  In  the  optically  thin  limit 
only  single  scattering  occurs ,  and  the  experiments  in  this 
regime  are  important  for  the  verification  of  particle 
emission/scattering  laws.  In  the  optically  thick  limit  the 
multiple  scattering  gas /particle  interactions  depend  only  upon 
the  local  properties  of  the  medium,  and  experiments  in  this 
regime  test  the  validity  of  multiple  scattering  models 
independent  of  geometric  effects.  In  the  regime  of  intermediate 
optical  depth,  the  multiple  scattering  gas/particle  interaction 
depends  both  on  the  properties  of  the  medium  and  the  large  scale 
spatial  structure  of  the  test  media.  Experiments  in  this  most 
important  regime  test  realistic  multiple  scattering  problems  in 
geometrically  complex  flow  fields. 

To  obtain  the  needed  data  base  an  extensive  experimental 
program  was  carried  out  at  Grumman  in  the  reflected  zone  of  a 
conventional  shock  tube.  The  advantage  of  this  approach  is  the 
high  degree  of  control  afforded  over  such  test  conditions  as 
flow  geometry,  particle  size  and  type,  gas  composition,  tracer 
constituents,  and  aerosol  temperature.  Quantitative  accuracy 
criteria  for  experiment  control  were  selected  based  on  a  desired 
net  predictive  accuracy  goal  of  307.  in  aerosol  radiance.  To 
meet  this  specification  and  to  ensure  gas/particle  equilibrium 
conditions  in  the  test  aerosol  the  particle  mass  fraction  and 
nominal  diameter  were  restricted  to  .20  and  10  iim, 
respectively. 
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The  specific  test  conditions  for  our  experiments  were 
chosen  to  maximize  the  impact  of  selected  two-phase  transport 
effects  and  do  not  necessarily  pertain  to  the  operational 
characteristics  of  actual  combustor  systems.  Test  aerosols 
investigated  employed  1,  3,  and  9  pm  diameter  AI2O3 
particles  as  representative  of  purely  scattering  type  particles 
and  0.4  pm  diameter  C  and  3  u m  diameter  ZrC  emissive  particles 
in  various  combinations  of  inert  and  IR-active  gases,  in  the 
temperature  range  from  1200  to  3000  K.  The  concentrations  of 
particles  and  gases  were  varied  independently  to  cover  a  wide 
range  of  optical  thickness  and  scattering/extinction  ratios.  CO 
and  COg  test  gases  were  used  to  test  differing  two-phase 
emission  models  for  diatomic  and  polyatomic  molecules, 
respectively. 

The  following  sections  of  this  paper  first  briefly  describe 
the  experimental  technique  and  then  give  selected  results. 

AEROSOL  GENERATION 

The  code  validation  experiments  were  carried  out  in  the 
reflected  zone  of  a  conventional  shock  tube.  Particles  were 
introduced  into  the  test  gas  by  entrainment  in  the  gas  flow 
behind  the  incident  shock  wave.  To  illustrate  the  introduction 
method  a  schematic  wave-particle  diagram  is  shown  in  Fig.  1 . 
Prior  to  the  test,  the  particles  are  distributed  on  a  mid-plane 
plate  located  near  the  driven  section  end  wall  (roughly  5  shock 
tube  diameters  away) .  When  the  incident  shock  wave  passes  the 
particle  pile  the  particles  are  continuously  entrained  in  the 
post-shock  flow  and  rapidly  spread  across  the  shock  tube. 
Subsequent  interaction  with  the  turbulent,  stagnant  gas  behind 
the  reflected  shock  further  distributes  the  particles  to  form 
the  test  medium.  This  same  technique  has  been  successfully 
employed  by  Seeker  et  al.^  in  coal  ignition  studies. 


TIME,  t 


EQUILIBRIUM  AEROSOL 


SITE  AEROSOL  WAVE 


Figure  1.  Illuitrition  of  Spa  till  and  Tamporal  Davalopmant  of  an  Aaroiol  Cloud  in  1  Shock  Tuba. 

Behind  the  incident  shock  the  particles  spread  with  roughly  20°  total  included  angle 
( measured  from  glow  photographs ).  Mean  velocity  turbulence  levels  behind  the 
incident  shock  (10  to  15  m/sec,  LDV )  and  in  the  stagnation  zone  (20  to  30  m/sec, 

LDV)  help  to  produce  the  uniform  test  medium. 
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The  success  of  this  approach  is  due  to  a  combination  of 
factors : 

1 .  Operation  in  the  reflected  zone  of  the  shock  tube  produces 
an  equilibrium  aerosol  in  which  two-phase  radiative 
transport  is  decoupled  from  particle/gas  fluid  dynamic 
interactions . 

2.  For  particle  diameters  below  10  analysis^  and 
experiment  show  that  thermal  relaxation  times  are 
sufficiently  short  to  permit  pulsed  (~2  ms)  shock  tube 
experiments  with  complete  assurance  of  thermal 
equilibrium,  permiting  accurate  prediction  of  gas/particle 
temperature . 

3.  The  simple  particle  loading  method  produces  well  mixed, 
uniform  aerosols  at  least  two  tube  diameters  in  length  so 
that  cloud  edge  effects  on  the  measured  radiation  are 
minimized. 

4.  The  generated  aerosols  are  relatively  free  of  particle 
agglomerates;  agglomerates  are  undesirable  because  they 
behave  like  particles  with  unpredictable  size  distribution. 

5.  Gas  and  particle  concentrations  and  temperature  in  the  test 
aerosol  can  be  independently  varied  over  wide  ranges  with 
tight  control  over  all  aerosol  properties. 

The  test  aerosol  is  uniform  in  space  and  time  as 
demonstrated  by  laser  Doppler  and  multi-wavelength  extinction 
measurements  of  the  particle  concentration  at  a  variety  of 
longitudinal  and  radial  positions  within  the  cloud.  These  data 
(Table  1 ,  Figs.  2  &  3)  are  internally  consistant  and  show  the 
aerosol  to  be  uniform  for  a  minimum  of  two  shock  tube  diameters. 
The  aerosol  cloud  is  also  relatively  free  of  agglomerates. 
Agglomeration  can  be  detected  by  enhanced  laser  extinction  at 
long  wavelengths  where  agglomerates  have  substantially  larger 
optical  cross  sections  than  single  particles.  Comparisons  of 
LDV  particle  counts  with  extinction  data  at  0.26,  0.63,  3.39, 
and  10.6  jim  showed  no  large  or  systematic  differences. 


TABLE  1.  COMPARISON  OF  EXTINCTION  AND  LDV  PARTICLE  NUMBER  DENSITY 
MEASUREMENTS  IN  Al203  AEROSOLS. 


Test  Condition 

Method 

Measurement 
Station,  cm 

Particle  Density, 
106/cm3 

MACH  NO.  -  1 8 

LDV 

29 

7.1 

n2  CARRIER  GAS 

3.4  M™  EXTINCTION 

41 

6.4 

3  OIA  Alj03 

3.4  miti  EXTINCTION 

25 

66 

10.6  Mm  EXTINCTION 

25 

7.6 

MACH  NO.  -  2.35 

3.4  Mm  EXTINCTION 

25 

2.4 

Ar  CARRIER  GAS 

3  nm  OIA  AljOj 

.63  Mm  EXTINCTION 

29 

3.0 

0««3-001D 
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DISTANCE  TO  CENTERLINE,  cm 


09B3-003D 


Figur*  2.  LDV  Particle  Flux  »$  Time  in  AI2O3/N2 
Aerosol.  Temporal  uniformity  of  the 
aerosol  is  demonstrated  by  a  constant 
particle  flux  (1.2  x  10^/cm^/s)  over 
the  2  ms  steady  flow  time ;  sample 
time  is  10  us. 


Figure  3.  Radial  Survey  of  LDV  Particle  Flux 

in  AI2O3/N2  Aerosol.  Spatial  uniformity 
of  the  test  aerosol  is  shown  by  the 
insensitivity  of  the  flux  level  to  radial 
position.  Each  point  represents  a 
separate  run.  Mean  flux  level 
corresponds  to  1.03  x  10 ® 
particles/ cm3. 


The  particle  concentration  in  the  test  aerosol  is  varied 
for  a  given  particle  type  and  incident  shock  strength  by  simply 
adjusting  the  initial  gas  pressure  in  the  shock  tube,  ie,  it  was 
empirically  determined  in  this  work  that  particle  concentration 
is  nominally  a  linear  function  of  the  ratio  of  gas  density 
behind  the  incident  shock  to  particle  diameter.  This 
functionality  holds  even  when  the  local  gas  Mach  number  is 
slightly  supersonic  if  the  initial  gas  density  is  adjusted  for 
the  anticipated  jump  conditions. 

Analysis ^  and  measurements  of  the  temporal  variation  of 
radiation  (see  Fig.  4)  indicate  that  the  particles  equilbrate 
with  gas  conditions  in  less  than  1  ms  if  the  particles 
(AI2O3,  ZrC,  &  C)  are  restricted  to  a  maximum  diameter  of 
about  10  nm.  The  equilibrium  temperature  can  be  predicted  to 
sufficient  accuracy  (±  57.)  from  the  one  dimensional  shock 
tube  equations  using  the  usual  measurements  of  incident  shock 
wave  speed  and  measurements  of  the  particle  concentration  and 
nominal  size  to  estimate  particle  loading.  For  low  mass  loading 
(<  37o)  the  pure  gas  predictions  provide  the  desired  accuracy,  a 
fact  that  has  been  employed  by  many  investigators^ * ? > °  of 
two-phase  phenomena  in  shock  tubes.  With  increased  mass  loading 
the  loss  of  heat  from  gas  to  particles  and,  for  our  continuous 
entrainment  process,  variable  particle  residence  time  behind  the 
incidence  shock,  must  be  accounted  for.  A  small  region  of  the 
cloud  near  the  load  site  will  be  in  nonequilibrium  (the  extent 
of  the  nonequilibrium  region  depends  on  heating  rates  and 
particle  type  and  size).  Comparisons  of  detailed  one¬ 
dimensional  calculations  9  (as  well  as  much  simpler  steady 
flow  analysis  in  shock-fixed  coordinates)  with  temperature 
measurements  indicate  that  the  desired  accuracy  can  be  achieved 
if  the  particle  to  gas  mass  concentration  is  restricted  to  about 
207.  in  the  temperature  range  1000-2000  K,  Fig.  4.  Spurious 
waves  generated  from  the  particle  load  plates  and  the  windows 
are  a  major  concern  in  the  experiments.  Calibration  runs  using 
SO2  tracer  gas  and  UV  thermometry  were  employed  to  ensure  that 
our  test  conditions  were  not  influenced  by  such  interactions. 
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Figure  4.  Aerosol  Temperature  Inferred 

from  IR  Radiance  Measurements. 

Aerosol  temperature  was 
monitored  from  IR  radiance 
measurements  at  7.3  pm,  where 
the  SO 2  fundamental  and 

the  LWIR  absorption  of 
combine  to  make  the  aerosol 
nearly  black  (emissivity  >  0. 95). 
The  error  bars  indicate  the 
spread  in  radiance  associated 
with  a  5%  temperature  error. 


SAMPLE  RESULTS 

The  previous  section  of  this  paper  discussed  the  generation 
and  characterization  of  uniform  high  temperature  aerosols  at 
equilibrium  in  the  stagnation  zone  of  a  conventional  shock  tube. 
The  controlled  uniform  flow  aerosols  can  be  used  directly  to 
test  radiative  transport  exclusive  of  flow  effects,  or  as  a 
source  for  flows  to  test  coupled  two-phase  flow  and  radiative 
effects.  The  experimental  work  to  date  has  been  concerned  with 
the  first  of  these  two  alternatives.  Tests  have  been  configured 
for  code  validation  of  multiply  scattering  media  and  for 
particle  optical  properties.  Radiation  measurements  have  been 
made  on  both  and  in-band  and  on  a  line-resolved  basis  using  a 
variety  of  photometers  and  spectrometers.  In  the  following 
sample  results  are  presented. 

Optical  radiation  diagnostics  of  carbon  and  soot  aerosols 
are  important  for  the  design  and  understanding  of  a  wide  variety 
of  coal  and  hydrocarbon  fueled  combustors.  The  specification  of 
particle  size  distributions  and  soot/carbon  optical  properties 
remains  a  major  practical  consideration  for  such  systems,  so 
that  it  is  generally  not  possible  to  identify  with  precision  the 
role  of  two-phase  multiple  scattering  from  measurements  on 
actual  systems.  Shock  tube  experiments  with  particles  of 
controlled  size  distribution  and  chemical  composition  provide 
tests  at  a  reduced  level  of  complexity  which  display  these 
effects  more  clearly. 
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Figure  5  shows  the  spectral  emissivity  of  0.4  Mm  diameter 
amorphous  carbon  particle  clouds  as  a  function  of  optical  depth 
t  .  The  emissivity  approaches  an  asympototic  limit  for  large  r 
substantially  below  the  value  of  unity  for  a  pure  absorber,  and 
the  emission  is  non-gray.  These  are  consequences  of  multiple 
scattering  and  depend  upon  both  particle  optical  properties  and 
medium  geometry.  Reference  to  the  work  of  Bauer  and 
Carlson  *0  indicates  that  the  role  of  geometry  is  significant 
in  our  experiments,  so  that  this  data  will  provide  useful  tests 
of  prediction  techniques  for  complex  combustor  geometries.  We 
note  that  our  data  contradicts  MacGregor's^  conjecture  of  a 
long  wavelength  cutoff  in  the  emission  spectrum  of  small 
particles  (X(cutoff)  =  vi»r  dp,  dp  =  particle  diameter)  which 
for  our  nominal  0.4  Mm  carbon  corresponds  to  1  .8  Mm. 


I 


Figure  5.  Spectral  Emiuivity  of  a  Carbon  Aerosol. 

The  spectral  emissivity  of  0.4  pm 
diameter  amorphous  carbon  is  non-gray 
in  the  mid-IR.  The  absolute  values  of 
cloud  emissivities  indicate  that  the 
particles  have  significant  scattering 
cross  section  and  cannot  be  described 
using  a  pure  absorption  model.  The 
carrier  gas  is  Ar  and  Tp  is  the  particle 
optical  depth. 


Radiant  heat  transfer  analysis  in  two-phase  media  requires 
a  knowledge  of  the  hemispherical  emissivity.  Our  measurements 
in  AI2O3  aerosols  with  CO2  and  CO  as  IR-active  gases 
indicate  that  specification  of  this  quantity  requires 
appropriate  two-phase  analysis  under  certain  conditions.  In 
particular,  the  presence  of  scattering  particles  in  an  emitting 
medium  acts  to  reduce  the  medium  emissivity  e(9 )  for  small 
angles  9(9*  90°  for  the  perpendicular).  This  behavior  is  well 
known  in  the  analysis  of  plane  parallel  atmospheres  (limb 
darkening)  and  is  related  to  the  increased  reflectivity  of 
certain  solid  surfaces  near  grazing  incidence.  Fig.  6  shows  the 
angle  dependent  emissivity  of  a  CO2/AI2O3  aerosol, 
normalized  by  the  value  expected  from  the  CO2  alone  without 
scattering.  The  emissivity  vs  9  curve  exhibits  a  characteristic 
knee  near  30°,  related  to  the  width  of  the  particle  forward 
scattering  lobe,  below  which  two-phase  effects  cause  an 
appreciable  reduction  in  emissivity.  These  data  will  test  the 
ability  of  new  two-phase  band  models  to  properly  describe 
multiple  scattering  in  three-dimensional  geometries. 
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Figures.  Angl*  Oaptndanc*  of  Aarotol  Cloud  Emiuivity.  The  addition  of  scattering  AhOj  particles  to 
CO2  in  controlled  aerosols  tests  the  ability  of  alternate  two-phase  techniques  to  accurately 
predict  the  observed  reduction  in  e  (6). 

Measurements  of  melted  AI2O3  illustrate  the  use  of  the 
shock  tube  aerosol  technique  to  determine  particle  optical 
properties.  Prior  measurements  of  this  material  above  and  below 

the  melt  point  (2320  K)  yielded  contradictory  results.  In 
particular,  Mularz  and  Yuen12  disputed  the  discontinuous  jump 
in  particle  emissivity  associated  with  the  solid  to  liquid  phase 
change  reported  by  Carlson1 3  and  by  Gryvnak  and  Burch1 
Our  own  measurements  (Fig.  7)  exhibit  a  discontinuity  at  the 
melt  point,  with  the  mid-IR  emissivity  of  the  liquid  phase  at 
least  one  order  of  magnitude  greater  than  for  the  solid  phase. 

We  attribute  the  observations  of  Mularz  and  Yuen1 2  to  thermal 
lag  between  the  gas  and  particles.  In  particular,  examination 
of  their  emission  versus  temperature  data  reveals  a 
characteristic  plateau  region  near  the  melt  point  which  we 
attribute  to  temperature  arrest  of  particles  undergoing 
solidification  (aH/C  ~  900K) .  The  present  measurements  are  the 
first  mid  infrared  data  for  this  material,  and  a  complete 
analysis  will  be  published  elsewhere.  Preliminary  analysis  of 
particle  emission  cross  sections  from  our  data,  shown  in  Fig.  7, 
indicates  a  temperature-independent  particle  emissivity  near 
0.5  between  2500  -  3000  K.  This  observation  also  suggests  the 
possible  use  of  AI9O3  as  a  fiducial  temperature  indicator  in 
high  temperature  flows,  analogous  to  the  use  of  thermal  phase 
change  paints . 


Figure  7.  Emtahrity  of  Mat  red  AI2O3.  The  mid-IR 
emissivity  of  a  form  AljOj  jumps 
discontinuously  at  the  mat  point 
(2320  K)  to  a  high  temperature 
independent  value  near  0.5  between 
the  melt  point  and  3000  K 
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CONCLUSIONS 

The  shock  tube  aerosol  generation  technique  employed 
provides  a  unique  means  of  systematically  studying  complex 
two-phase  radiative  transfer  effects  with  tight  control  over 
aerosol  properties.  Tests  are  conducted  with  a  known  particle 
size  and  type  and  controlled  gas  composition  and  flow  geometry, 
leading  to  considerable  simplification  in  experiment  design. 
Particles  equilibrate  rapidly  with  the  shock  heated  gas  well 
within  the  available  test  time  and  produce  a  well  defined 
temporally  and  spatially  uniform  aerosol  free  from  agglomerates. 
Initial  application  of  this  technique  has  produced  a 
comprehensive  validation  data  base  to  aid  in  development  of  new 
two-phase  radiative  transport  codes  and  new  data  on  the  optical 
properties  of  melted  AI2O3  particles. 
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In  extending  earlier  studies,  the  nucleation  of 
ethanol-water  mixtures  is  analyzed  using  Ludwieg 
tube  flow  in  combination  with  a  differential  in¬ 
terferometer  and  high  speed  photographic  dia¬ 
gnostics.  Excellent  agreement  with  calculations 
employing  binary  nucleation  theory  is  obtained 
for  alcohol-rich  mixtures  whereas  for  high  water 
concentrations  differences  between  experiment  and 
theory  are  observed.  This  is  attributed  to  the 
characteristic  change  of  the  surface  tension.  The 
importance  of  the  expansion  rate  is  demonstrated. 

INTRODUCTION 

As  discussed  in  a  previous  paper1 ,  interest  has  grown  in  re¬ 
cent  years  in  the  utilization  of  binary  mixtures  as  working 
fluids  in  Clausius-Rankine  cycles  at  relatively  low  upper  tempe¬ 
rature  levels2*3.  Solar  systems  and  waste  heat  recovery  may  be 
mentioned  as  typical  examples.  In  general,  the  fluid  is  expanded 
within  the  turbine  across  the  saturation  line  to  achieve  high 
efficiencies  and  large  enthalpy  differences.  It  is  well  known, 
that  after  crossing  the  dew  point  in  a  fast  turbine  expansion 
process  the  thermodynamic  equilibrium  is  not  obtained.  After 
reaching  a  certain  state  of  supersaturation  the  metastable  state 
of  the  vapor  collapses  in  a  sudden  homogeneous  nucleation.  Mark- 
able  effects  due  to  the  sudden  phase  change  and  droplet  formation 
on  efficiency  performance  and  reliability  of  the  low  pressure  end 
stages  of  the  turbine  are  observed4. 

With  exception  of  a  small  number  of  original  experiments5, 
no  information  is  available  on  binary  nucleation  over  the  whole 
range  of  mixture  concentration  at  high  cooling  rates  as  experi¬ 
enced  in  turbomachinery  and  other  technical  applications. 

Another  motivation  concerns  questions  regarding  homogeneous 
binary  nucleation  in  meteorological  processes.  Using  binary  nucle¬ 
ation  theory,  it  has  been  shown  that  certain  pollutants  in  the  at¬ 
mosphere  such  as  sulfuric  acid  may  trigger  vapor  condensation  even 
if  the  water  vapor  would  be  superheated  in  its  isolated  state6 . 
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In  extending  our  earlier  measurements1  within  the  expansion 
fan  of  a  shock  tube,  the  present  study  incorporates  the  short  du¬ 
ration  flow  of  a  Ludwieg  tube.  Ethanol/water-mixtures  were  of 
primary  interest  because  water-alcohol  systems  seem  to  be  of  pre¬ 
dominant  technical  importance  and  water-ethanol  permits  a  first 
access  to  a  comparison  between  theory  and  experiments  as  their 
basic  thermal  data  are  available  in  the  temperature  range  of  in¬ 
terest. 

THEORY 


The  generally  accepted  theory  of  homogeneous  binary  nuclea¬ 
tion  was  developed  by  Neumann  and  Doring7  and  extended  by  Reiss8 
and  is  based  on  the  classical  nucleation  theory.  The  basic  equa¬ 
tion  derived  for  the  binary  nucleation  rate  is  in  a:  alogy  to  the 
unary  condensation: 

I  =  C  exp(-AG*/(kT))  (1) 

with 

AG*  the  critical  free  energy  for  isothermal 

nucleus  formation  from  the  vapor  phase 
k  the  Boltzmann  constant 

T  the  temperature 

C  the  frequency  factor 


For  the  isothermal  difference  of  Gibbs'  free  energy  it  is  found: 


with 


AG  =  njCuj  -in  )  +  n2(v2»-H2fT)+1+irr20  +  (4/3)Trr3(p-p  ) 
*•  g  *  S  “ 


vH’V2i 


ulg’M2g 

>n2 

r 

a 

P 

P* 


molecular  chemical  potential  in  the  liquid 
phase ,  component  1 ,  2 

molecular  chemical  potential  in  the  gas  phase 

number  of  mole  les  in  the  nucleus 
nucleus  radius 
surface  tension 
total  vapor  pressu 

saturation  pressure  c  the  mixture  at  cluster 
composition 


(2) 


The  last  term  in  Eq.(2)  is  considerably  smaller  compared  to 
the  other  portions  and  will  be  neglected  in  the  following  consi¬ 
derations.  In  plotting  aG  as  a  function  of  ni  and  n2  it  can  be 
shown  that  in  general  a  saddle  point  is  obtained  as  illustrated 
in  Fig.l.  The  direction  of  the  main  condensation  process,  there¬ 
fore,  is  predetermined.  The  relevant  critical  parameters  ni  and 
n2  can  be  derived  from  the  saddle  point  conditions: 


9  AG 
3nj 


n2 


3  AG 
3n2 


ni 


0 


(3), (4) 


with  the  requirement  (  3  a"')*  "  ~ A|G  — --G  >0  (5) 

3 nj  3 n2  3^2  ^ 

The  preexponential  factor  can  be  calculated  following  Reiss8 
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B1B2 

Sisin2*  +  82Cos2$ 


(Nj+N2)  S  Z 


with 
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Pi 

/2wm7kT 


(6) 


i  =  1,2  collision  rate 


(7) 
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p^  partial  pressure  in  the  vapor  phase 

ra.  molecular  weight 

molecular  concentration  in  the  vapor  phase 

S  =  4irr2  surface  area  of  the  cluster  at  the 

saddle  point  (8) 

Z  =  /-P/Q  Zeldovich  factor  (9) 

P  =  -3— cos2*  +  2  — ^ cos*sin*  +  - — —  sin2*  (10) 

3  nj  2  3nl3n2  3n2  2 

Q  =  liA6  sin2*  _  2  -liAg  cos*  sin*  +  Cos2*  (11) 

3nj 2  3nl3n2  3n22 

*  is  the  angle  between  the  nj-ordinate  and  the  projected  direc¬ 
tion  of  the  main  condensation  path  across  the  saddle  point.  It 
can  be  calculated  according  to 

tg2*  +  (RdB-dA)tg*  -  R  =  0  (12) 

where  R  is  the  correction  factor  proposed  by  Stauffer9 

R  =  e2/Bi  (13) 


d 


A 


32AG  ,  3 2AG  .  j  _  32aG  , 
3 n j 2  3n23n2  *  B  "  "  3n22 


3  2  AG 
3nj  3n2 


(14) ,(15) 


Fig.l  Free  energy  AG 
for  cluster  formation 
from  the  vapor  phase 

T  =  293.15  K 

I  =  10®  nf3s-1 

a  j  —  0.20,  a2  =  1.91 

Critical  values 
(saddle  point): 

n*  =  11,  n*  =  168 

Water/ethanol  mixture 


Ideal  gases  were  assumed  which  is  of  sufficient  accuracy  for 
the  present  study  with  relatively  low  normalized  pressures.  The 
surface  tension  and  the  density  of  the  liquid  phase  were  obtained 
by  polynomial  approximation  with  respect  to  the  mole  fraction  of 
the  alcohol  and  the  temperature.  The  phase  equilibrium  in  the 
temperature  range  of  interest  was  approximated  by  the  NRTL  equa¬ 
tion  with  6  coefficients10. 


EXPERIMENTAL 

The  expansion  of  the  superheated  vapor  into  the  two  phase 
region  was  accomplished  in  a  Laval  nozzle  of  a  Ludwieg  tube.  By 
proper  choice  of  the  initial  state  within  the  driver  it  was  pos¬ 
sible  to  position  the  onset  of  nucleation  during  the  first  sta¬ 
tionary  flow  cycle  within  the  supersonic  section  of  the  Laval 
nozzle.  The  flow  field  upstream,  therefore,  is  not  affected  and 
unsteady  effects  are  eliminated  if  the  conditions  of  the  local 
critical  heat  addition  are  considered.  This,  to  our  experience, 
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seems  to  be  the  main  advantage  in  comparison  to  nucleation  stu¬ 
dies  in  the  unsteady  expansion  fan  of  the  driver  section  of  a 
shock  tube1 . 


Mercury  Lamp 


Fig. 2  Schematic  of  Ludwieg  tube 

Fig. 2  illustrates  the  schematic  of  the  experimental  setup. 

In  principle  it  is  derived  from  our  earlier  expansion  tube1 .  The 
binary  mixture  to  be  studied  is  prevaporized  and  superheated 
within  the  driver  itself.  To  guarantee  an  almost  isothermal  nu¬ 
cleation  process  as  required  by  the  classical  nucleation  theory 
as  described  by  Eq.(2),  the  vapor  is  diluted  by  a  noncondensable 
carrier  gas  such  as  nitrogen.  To  secure  a  perfect  mixing  of  the 
carrier  gas  and  the  vapor,  the  inert  gas  is  added  by  a  concentric 
perforated  distribution  tube  with  the  length  of  the  driver  sec¬ 
tion. 


The  convergent  section  of  the  nozzle  begins  slightly  up¬ 
stream  of  the  diaphragm  and  the  throat  of  the  nozzle  is  located 
closely  to  the  membrane.  Quartz  windows  are  used  in  the  supersonic 
domain  of  the  nozzle  within  the  driven  section  for  the  optical 
measurements.  The  onset  of  condensation  characterized  by  heat  ad¬ 
dition  and  a  change  of  the  density  can  be  detected  by  a  differen¬ 
tial  interferometer.  A  high  speed  camera  is  used  to  record  the 
fringe  shift.  The  pressure  distribution  within  the  divergent  part 
of  the  nozzle  is  monitored  by  three  piezoelectric  pressure  trans¬ 
ducers.  In  a  sequence  of  preliminary  experiments  using  nonconden¬ 
sable  gases  it  was  possible  to  determine  the  nozzle's  effective 
cross-section.  Variations  of  the  total  pressure  throughout  the 
steady  flow  cycles  can  be  neglected  as  the  driver  length  to  its 
diameter  ratio  was  chosen  to  be  about  fifty  as  suggested  by 
Ludwieg11.  The  static  pressure  recorded  during  the  steady  flow, 
therefore,  was  constant. 

MEASUREMENTS  AND  ANALYSIS 

Because  of  the  relatively  small  diameter  of  the  achromatic 
lenses  of  the  differential  interferometer,  it  was  impossible  to 


* 
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view  the  whole  divergent  section  of  the  nozzle.  It,  therefore, 
was  necessary  to  preestimate  the  onset  of  nucleation.  These  ini¬ 
tial  experiments  were  performed  in  utilizing  the  expansion  fan  in 
the  high  pressure  section  of  a  conventional  heated  shock  tube, 
thus  saving  large  amounts  of  high  speed  film  material.  As  mentio¬ 
ned,  the  setup  of  the  tube  and  the  measurement  procedure  were 
described  in  our  earlier  paper1.  The  high  cooling  rates  as  requi¬ 
red  in  modeling  steam  turbine  flow,  however,  were  only  achieved 
in  the  nozzle  experiments.  The  initial  states  of  the  expansion 
were  set  such  that  the  phase  change  was  obtained  in  the  tempera¬ 
ture  range  of  263  K  to  293  K,  the  range  of  interest  in  low  tempe¬ 
rature  steam  turbine  application.  As  indicated,  all  property  va¬ 
lues  of  the  H2O/C2H5OH  mixture  over  the  whole  range  of  mixture 
composition  are  available  in  this  temperature  interval. 

The  p,T  diagram  of  Fig. 3  shows  a  comprehensive  comparison  of 
our  preliminary  calibration  experiments  with  pure  water  vapor  in 
the  Ludwieg  tube  with  our  own  shock  tube  results  as  well  as  with 
those  by  other  groups  at  higher  pressures  and  temperatures.  The 
good  agreement  supports  the  assumption  that  the  results  obtained 
from  the  Ludwieg  tube  for  binary  mixtures  are  quite  accurate  and 
of  good  reproducibility. 


Fig. 3  State  of  homo¬ 
geneous  nucleation  of 
pure  water  vapor 

O  Wittig  et  al . 1 

□  Gyarmathy  and 
Meyer1 6 

V  Barschdorff 1 7 

&  Barschdorff18 
Present  study: 

•  Shock  tube  experi¬ 
ments 

■  Ludwieg  tube  ex¬ 
periments 


An  interferogram  of  the  supersonic  flow  with  condensation 
for  a  water/ethanol  mixture  is  shown  in  Fig. 4.  Due  to  the  sudden 
heat  addition  the  fringe  shift  is  induced.  Thus,  the  state  at  on 
set  of  condensation  can  be  easily  determined  from  the  gasdynamic 
relations  of  the  nozzle  flow.  The  particular  characteristics  of 
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Fig. 4  Inter ferogram 
of  the  supersonic 
flow  field  with  bina¬ 
ry  nucleation  taken 
with  the  high  speed 
camera  at  1500  fra¬ 
mes/s. 


the  differential  interferometer  image  was  taken  into  account  in 
the  analysis  of  the  interferograms . 

In  Fig. 5  all  experimental  results  -  it  is  the  state  of  nu¬ 
cleation  within  the  aj  ,a2  plane  -  are  plotted.  Here  aj  ,a2  are  the 
activities  of  water  and  alcohol  which  are  defined  as  the  ratio  of 
the  partial  vapor  pressure  to  the  saturation  pressure  of  the  pure 
fluids.  The  full  lines  represent  the  theoretical  results  at  15 
-10  °C,  0  °C  and  20  °C  respectively  for  a  nucleation  rate  of  10 
or  1010  cm“3s_1.  The  last  rate  was  derived  from  shock  tube  ex¬ 
periments;  for  nozzle  flow  with  considerably  higher  cooling 
rates,  rates  up  to  1015  are  to  be  expected.  In  comparing  Fig. 5 
and  6  of  the  experimentally  determined  onset  of  condens  .t-  'n  - 
these  are  the  experiments  in  the  cloud  chamber,  in  thtf  expansion 
tube  and  in  the  Ludwieg  tube  of  this  study  -  a  shift  of  the  cri¬ 
tical  activities  to  higher  values  with  increasing  cooling  rates 
is  observed.  The  experimental  values  with  pure  alcohol  vapor 


Fig. 5  Homogeneous  binary  nucleation  of  water/ethanol  mixture 
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Fig. 6  Compari¬ 
son  of  theory 
with  earlier 
experiments 


(x  =  0)  and  with  alcohol  rich  vapors  demonstrate  excellent  agree¬ 
ment  with  theory.  Significant  deviations  to  the  theory  are  evi¬ 
dent  with  water-rich  mixtures  -  a  tendency  which  has  been  obser¬ 
ved  in  the  original  cloud  chamber  experiments  of  Flood  in  193412 
and  in  the  newer  study  by  Mirabel  and  Katz  in  1977 13  with  extre¬ 
mely  low  cooling  rates. 

DISCUSSION 

Deviations  of  experimental  results  with  pure  water  from  the 
classical  homogeneous  nucleation  theory  have  been  frequently  dis¬ 
cussed  (see  for  example14).  Generally,  it  is  assumed  that  the 
main  source  for  these  deviations  can  be  found  in  the  use  of  the 
bulk  surface  tension.  It  appears  to  be  plausible  that  extremely 
small  critical  droplets  -  in  the  present  case  one  cluster  con¬ 
tains  less  than  100  molecules  (r  <  10  A)  -  will  have  a  different 
effective  surface  tension  than  the  macroscopic  value.  In  addition, 
for  water/alcohol  mixtures  the  strong  gradient  of  the  macroscopic 
surface  tension  3a/3x  for  x  0  will  be  of  dominant  influence  for 
the  nucleation  process  as  can  be  seen  from  Eqs.(3)  and  (4).  The 
behaviour  of  o  versus  x  is  illustrated  in  Fig. 7  for  some  selected 
temperatures.  This  strong  gradient  of  the  bulk  surface  tension  is 
explained  by  the  enrichment  of  the  alcohol  on  the  liquid's  sur¬ 
face15.  Such  an  enrichment  over  the  surface  area,  however,  is  im¬ 
possible  for  small  critical  clusters  which  contain  a  few  alcohol 
molecules  (see  Table  1)  only  in  the  concentration  region  under 
consideration13.  It  seems  that  in  water  rich  clusters  the  macro¬ 
scopic  surface  tension  as  well  as  its  first  and  second  derivati¬ 
ves  with  respect  to  the  mole  fraction  of  the  second  mixture  com¬ 
ponent  is  not  relevant  for  the  condensation  process. 

For  a  better  understanding  of  the  influence  of  the  surface 
tension  which  must  be  regarded  as  the  main  source  of  the  devia¬ 
tions  we  are  planning  to  study  selected  alcohol/alcohol  mixtures. 
Here,  a  linear  change  of  the  macroscopic  surface  tension  with  re¬ 
spect  to  the  mole  fraction  is  generally  found.  Deviations,  there¬ 
fore,  as  observed  with  water/alcohol  mixtures  between  theory  and 
experiments  should  not  exist. 


surface  tension  d/erg  cm 
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INVESTIGATIONS  OF  HOMOGENEOUS  NUCLEATION  IN  Fe ,  Si,  Fe/Si, 
FeOx,  and  SiO^  VAPORS  AND  THEIR  SUBSEQUENT  CONDENSATION 


John  R.  Stephens  and  S.  H.  Bauer 
Department  of  Chemistry 
Cornell  University,  Ithaca,  New  York  14853 

^Critical  pressures  vjs  temperatures  for  aval- 
lanche  condensation  of  homogeneously  nucleated  Fe, 

Si,  Fe/Si,  FeOx  and  SiOx  vapors  are  reported.  In 
favorable  cases  (Fe,  Si,  Fe/Si),  limits  to  the 
homogeneous  cluster  formation  rates  were  obtained. 

Mixtures  of  0.1  to  2.5%  Fe(CO)5  and/or  SiH4  in 
Ar,  N20/Ar  or  Hj/^O/Ar  were  heated  behind  re¬ 
flected  shocks  to  temperatures  above  the  boiling 
point  of  the  condensed  phase.  Condensation  which 
occurred  in  the  subsequent  expansion  fan  was  mon¬ 
itored  by  light  scattering  and  turbidity  of  the 
sample.,*' All  the  systems  showed  substantial  su¬ 
persaturation  ratios  relative  to  their  equili¬ 
brium  vapor  pressures,  ranging  from  a  factor  of 
less  than  10  for  Fe  to  several  orders  of  magni¬ 
tude  for  SiOx.  The  condensation  temperatures  and 
pressures  are  in  substantial  disagreement  with 
those  predicted  by  classical  and  Lothe-Pound 
theories  for  the  measured  flux  rates.  The  results 
illustrate  the  difficulties  in  predicting  the 
condensation  sequence  of  solids  from  terrestrial 
or  stellar  atmospheres  assuming  thermodynamic 
equilibrium. 

INTRODUCTION 

Homogeneous  nucleation  and  cluster  growth  rates  in  supersat¬ 
urated  metal  and  metal  oxide  vapors,  and  characteristics  of  the 
resultant  condensates,  are  important  for  stratospheric  chemistry 
in  which  aerosols  of  meteoric  origin  can  affect  the  stratospheric 
ozone  balance  (ref.  1),  in  astrophysics,  where  homogeneously  nu¬ 
cleated  dust  affects  the  thermal  balance  in  some  stars  (ref.  2), 
and  in  some  industrial  processes  such  as  the  production  of  pure 
silicon  from  SiH4  (ref.  3) .  Although  much  effort  has  been  devoted 
to  the  study  of  homogeneous  nucleation  of  organic  (ref.  4,5)  and 
inorganic  (ref.  6)  supersaturated  vapors,  as  well  as  binary  sys¬ 
tems  (ref.  7)  which  condense  under  low  supersaturation  conditions, 
relatively  little  work  has  been  carried  out  on  the  nucleation  of 
refractory  systems.  In  our  laboratory  critical  pressures  vs  tem¬ 
perature  were  determined  for  Bi,  Pb,  Fe ,  and  Si  (ref.  8,9);  the 
enthalpy  of  condensation  vs  cluster  size  was  determined  for  Fe 
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clusters  (ref.  10);  and  initial  growth  rates  for  these  metals 
studied  (ref.  11) .  The  results  in  these  investigations  were  found 
to  be  in  disagreement  with  classical  nucleation  theory,  and  a 
kinetic-molecular  formalism  has  been  proposed  to  describe  the  nu¬ 
cleation  kinetics  of  these  highly  supersaturated  systems  (ref.  12). 

Reported  here  are  critical  pressures  v£  temperature  for  the 
systems  Fe,  Si,  Fe/Si,  FeOx,  and  SiOx,  and  cluster  flux  rates  for 
the  metal  vapors.  Improvements  in  the  experimental  system  allow¬ 
ed  simultaneous  determination  of  critical  pressures  and  cluster 
fluxes  in  the  expansion  fan  following  reflected  shocks.  The  bi¬ 
metallic  Fe/Si  system  was  chosen  for  study  as  an  example  of  binary 
nucleation  which  exhibits  significant  nonideality  in  the  bulk 
liquid.  The  iron  oxide  and  silicon  oxide  systems  are  quite  dif¬ 
ferent;  iron  oxide  condensates  are  believed  to  be  formed  from  the 
major'gas  phase  species  Fe(g)  +  C>2  (ref.  13),  while  the  silicon 
oxide  condensation  requires  the  reaction  SiO(g)  +  H2O  ■+•  Si02(l,s) 
(ref.  13) .  The  morphology  and  crystalline  phases  present  in  the 
condensates  were  determined  by  electron  microscopy. 

EXPERIMENTAL 

The  shock  tube  technique  used  was  similar  to  that  employed  in 
refs.  8  and  9,  with  the  improvements  noted  below.  Mixtures  of  0.1 
to  2.5%  Fe(CO)5,  SiH4  with  H2  and/or  N20  in  Ar  were  heated  behind 
reflected  shocks  in  a  2"  diameter  brass  shock  tube.  The  onset  of 
rapid  homogeneous  nucleation  and  cluster  growth  which  took  place 
in  the  subsequent  expansion  wave  were  determined  by  monitoring 
the  intensity  of  scattered  light  and  turbidity  of  the  sample.  The 
absolute  scattered  intensity  was  calibrated  by  introducing  freon- 
22  into  the  tube  prior  to  each  shock  experiment. 

The  samples  were  prepared  from  triple  distilled  Fe(CO)5 
and/or  high  purity  SiH4,  and  ultra  high  purity  H2 ,  diluted  with 
ultra  high  purity  Ar.  Concentrated  samples  were  prepared  (-2.5% 
Fe(CO)5  or  SiH4)  and  sequentially  diluted  to  the  required  concen¬ 
tration.  SiH^ ,  FefCOJtj  and  N^O  concentrations  were  confirmed  by 
quantitative  infrared  absorption  analysis,  with  an  accuracy  of 
approximately  ±15%.  Samples  below  0.1%  SiH4  or  Fe(CO)5  frequently 
showed  loss  by  absorption  of  the  metal  precursors  onto  the  shock 
tube  walls,  resulting  in  anomolously  low  condensation  temperatures. 
Samples  were  introduced  into  the  driven  section  of  the  shock  tube 
at  pressures  ranging  from  20  to  60  torr.  Driver  pressures  at  the 
diaphragm  pressure  break  points  ranged  from  85  to  135  psi.  Hydro¬ 
gen  was  used  for  the  driver  gas. 

The  incident  shock  speeds  were  measured  using  Kistler  601 
pressure  transducers,  one  adjacent  to  the  observation  windows,  lo¬ 
cated  88  mm  from  the  end  wall,  with  one  transducer  in  the  end  wall. 
The  side  wall  pressure  transducer  was  recessed  0.030"  and  its  face 
sealed  with  Dow  Corning  RTV ,  flush  with  the  tube  wall  to  reduce 
temperature  effects  on  the  transducer.  The  side  wall  transducer 
was  calibrated  quasi-statically  and  dynamically  to  lOKHz;  these 
calibrations  agreed  within  2%.  Pressure  readings  behind  incident 
and  reflected  Ar  shocks  using  the  above  calibrations  agreed  to 
within  10%  of  the  pressure  values  calculated  using  the  NASA  Shock 
Program  (ref.  14).  Temperatures  behind  the  reflected  shock  varied 
from  2400  to  4500°K.  High  temperatures  behind  the  reflected  shock 
well  in  excess  of  the  gas-liquid  equilibrium  temperatures  were  re¬ 
quired  to  fully  vaporize  all  transient  clusters  which  were  gener¬ 
ated  behind  the  incident  shock. 
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It  is  critical  that  the  windows  through  which  the  Argon-ion 
laser  beam  enters  and  leaves  the  shock  tube  be  scatter  free.  The 
window  configuration  used  in  this  study  is  a  significant  improve¬ 
ment  over  that  used  previously;  it  is  illustrated  in  Fig.  1. 


Figure  1 

Schematic  of  the  Shock 
Tube  Window  Configuration 


The  semi-conical,  anti-reflection  coated  quartz  windows  fitted 
flush  to  the  tube  wall  enhanced  the  signal-to-noise  by  a  factor  of 
10  for  calibration  of  the  absolute  scattering  intensity,  and  re¬ 
duced  the  sensitivity  to  tube  oscillations  to  insignif icant  levels. 
Improved  linearity  of  the  scattering  signal  was  achieved  by  ampli¬ 
fying  the  phototube  current  with  an  op-amp  operating  in  the  charge 
to  voltage  mode.  The  incident  laser  beam  was  chopped  at  30  kHz, 
resulting  in  a  time  resolution  of  30  microseconds  in  the  scatter¬ 
ing  and  absorption  signals.  Thermal  emission  from  the  shocked  gas 
resulted  in  a  strong  low  frequency  (1  kHz)  scattering  signal.  The 
scattering  and  emission  signals  were  separated  by  passing  the 
scattering  phototube  output  through  a  multiple  pole  Butterworth 
high-pass  filter  with  a  cut-off  frequency  (-3db)  of  7  kHz.  The 
onset  of  significant  scattering  by  clusters  was  clearly  visible 
in  the  filtered  traces. 

Samples  of  the  condensates  were  collected  on  transmission 
electron  microscope  (TEM)  sample  grids  held  in  a  plug  inserted  in 
the  shock  tube  wall  several  centimeters  downstream  from  the  win¬ 
dow.  Electron  micrographs  were  taken  with  JEOL-IOOB  and  JEOL- 
200X  microscopes  at  magnifications  of  100,000  times  and  selected 
area  electron  diffraction  patterns  were  obtained  to  aid  in  identi¬ 
fying  the  phases  present  in  the  condensates. 

RESULTS 

A  summary  of  the  samples  investigated  is  presented  in  Table 

1. 


The  critical  pressures  for  avalanche  condensation  vs  temper¬ 
ature  for  the  Fe,  Si,  Fe/Si,  FeOx  and  SiOx  systems  are  shown  in 
Figs.  2-6,  wherein  the  metal  or  metal  oxide  partial  pressures  are 
plotted,  assuming  the  monoatomic  metal  or  the  monoxide  is  the 
metal  bearing  species.  Plots  of  log  P  vs  T  at  avalanche  conden¬ 
sation,  as  opposed  to  the  usual  £nSc  (Sc  =  supersaturation  ratio) 
allows  several  related  systems  to  be  superposed  so  that  their  con¬ 
densation  relationships  may  be  seen,  and  avoids  compression  along 


t 


( 694 1  Stephens  and  Bauer 


TABLE  1.  Typical  Initial  and  High  Temperature  (2200°K)  Compositions 


System 

Initial 

(Mole  %) 

Equilibrium  (Mole  %)  at  -.2200°K 

Fe 

Fe (CO) c 

1 

Fe (0 . 95 ) ;  CO (4. 8) ;  Ar(94) 

Ar 

99 

Si 

SiH4 

1 

Si+Si2+Si3 (0.46) ;H2 (1.9) ;Ar (97.5) 

Ar 

99 

Fe/Si 

Fe  (CO)  5 

0.5 

Fe (0.43) ;Si (0.48) ;CO (2.4) ;H_ (0.95) ; 

1:1 

SiH4 

0.5 

Ar (96) 

Ar 

99 

Fe/Si 

Fe  (CO)  5 

0.25 

Fe (0.24) ; Si (0.48) ; CO (1.2) ;H_ (0.13) ; 

1:2 

SiH4 

0.50 

Ar (96.3) 

Ar 

99.25 

FeO 

x 

Fe  (CO)  5 

0.70 

Fe (0 . 61) ; FeO (0.05) ; CO (2 . 2 ) ; C02 ( 1 . 1 ) 

0/Fe=l . 8 

n2o 

1.20 

02  (0.35xl0-3) ;N2 (1.17) ; 

Ar 

98.1 

0(3. lxlO-4 ) ;Ar (94.8) 

FeO 

X 

Fe  (CO)  ^ 

1.0 

Fe  (0. 31) ; FeO (0.65) ;CO(0.33)  ; 

0/Fe=6 . 2 

N?0 

6.23 

C02 (4.4) ;02 (0.40) ;N2 (5.9) ? 

Ar 

92.8 

O(1.35xl0-2) ;Ar (88) 

SiO 

x 

SiH4 

0.87 

SiO (0.86) ;Si02 (9.8xl0"4) ;H2O(0.33)  ; 

0/Si=l . 42 

n2o 

1.21 

02  ( 5 . lxlO-6 ) ;H2 (1.36) ;N2 (1.2) ; 

Ar 

97.9 

0(4. 9xl0-5) ;H(5. 3xl0-2) ; 

OH(l. 7x10-3) ;  At (96.2) 

SiO 

X 

SiH4 

1.1 

SiO (1.07) ;Si02 (2.2xl0~3) ;H2O(0.62)  ; 

0/Si=l . 60 

n2° 

1.74 

02 (2.18x10-5) ;H2 (1.50) jN2 (1.70) ; 

Ar 

97.2 

0(1. 2xl0-4 ) ; H ( 6 . 7xl0-2 ) ; 

OH(3. 9x10-3) ;Ar (95.0) 

Si°x 

SiH  „ 

4 

1.1 

SiO (1.08) ;Si02 (7.2xl0“3) ;H20(2.26)  ; 

0/Si/H2 

N_0 

3.44 

02 ( 2 . 5xl0-4 ) ;0 (4 . 3xl0~4 ) ;H2 (1.64) ; 

3.1/1/1.63 

H2 

1.81 

H(7.2xl0-2) ;N2 (3.36) ; OH ( 1 . 4xl0~2 )  ; 

Ar 

93.6 

Ar  (91.6) 

the  P  axis.  The  data  points  are  plotted  with  representative  error 
bars  shown  as  crosses;  these  include  errors  in  measuring  the  ini¬ 
tial  shock  speed,  uncertainties  introduced  in  calculating  the  tem¬ 
perature  behind  the  reflected  shocks  assuming  frozen  or  equili¬ 
brium  chemistry  for  the  incident  and  reflected  shocks,  and  non- 
linearities  in  the  pressure  transducers  and  oscilloscopes.  The 
ratios  of  temperatures  post  reflected  shock  to  the  points  of  con¬ 
densation  were  determined  from  the  ratio  of  pressures  at  the  con¬ 
densation  point  and  immediately  behind  the  reflected  shocks.  Tem¬ 
perature  dependent  y's  were  used.  This  dependence  was  most  signi¬ 
ficant  for  the  SiOx  and  FeOx  systems.  Lower  limits  for  the  clus¬ 
ter  fluxes  for  selected  shocks  are  shown  in  the  graphs  for  the  Fe, 
Si,  and  Fe/Si  systems.  Predictions  of  classical  nucleation  theory, 
with  flux  as  a  parameter,  are  plotted  together  with  the  experi- 
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mental  data.  The  assumptions  used  in  the  classical  calculations 
are  discussed  for  each  system  below. 

Figure  2  shows  the  critical  condensation  pressures  for  Fe  vs 
T  superposed  on  the  Fe  equilibrium  solid-liquid-gas  phase  ~ 

diagram.  The  present  data  indicated  by  the  crosses  confirm  the 
results  reported  previously  (ref.  8) .  The  condensation  pressure 
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Figure  2 

Critical  (log)  pressures  vs 
temperatures  for  Fe  and  Fe/Si 
condensation  and  predictions  of 
classical  and  Lothe-Pound 
theories.  Previous  results  (ref. 
8)  are  shown.  The  three  Fe 
points  on  the  lower  right  are 
believed  to  be  anamolous  due  to 
oxygen  contamination. 


is  typically  10-100  times  the  equilibrium  vapor  pressure  at  a 
given  temperature.  Also  shown  are  the  classical  and  Lothe-Pound 
theoretical  predictions  based  on  bulk  properties  given  in  ref.  8. 
Iron  condenses  at  high  temperatures  and  lower  pressures  at  a  given 
flux  than  estimated  from  the  classical  theory.  The  critical  con¬ 
densation  pressures  obtained  for  the  Fe/Si  system  (1:1  Fe/Si  and 
1:2  Fe/Si)  are  also  shown  in  Fig.  3.  The  sum  of  Fe  and  Si  metal 
pressures  were  plotted  vs  T.  Lower  limits  to  the  fluxes,  and 
predictions  based  on  binary  classical  nucleation  theory  were  in¬ 
cluded,  taking  into  account  the  reduced  activity  of  Fe  and  Si  in 
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Figure  3 

Critical  (log)  pressures  vs 
temperatures  for  Fe/Si  condensa¬ 
tion,  and  predictions  of  binary 
classical  nucleation  theory. 
Points  with  arrows  are  upper 
limits  because  of  possible  loss 
of  precursors  to  the  shock  tube 
walls . 
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the  binary  melt  (ref.  15). 

The  optical  properties  of  Fe/Si  melts  were  estimated  from 
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the  d.c.  resistance  of  FeSi2  solid  above  the  semiconductor-metal 
transition  temperature  at  ~1210°K,  using  the  Drude  free  electron 
theory,  assuming  the  optical  constants  at  the  laser  wavelength 
were  similar  to  these  at  the  zero  frequency  limit  (ref.  16,17). 
The  1:1  and  1:2  Fe/Si  systems  exhibit  the  same  condensation  pres¬ 
sures  vs  temperature.  Both  systems  condense  at  slightly 
higher  temperatures  than  pure  Fe  metal,  reflecting  the  lowered 
activity  in  the  liquid  phase.  Electron  micrographs  of  typical 
condensates  are  shown  in  Fig.  7. 

Figure  4  is  a  plot  of  log  P  vs  T  for  Si,  superposed  on  the 
Si  equilibrium  P-T  phase  diagram.  Also  shown  is  the  best  fit  of 
Si  condensation  pressures  previously  reported  (ref.  9) ,  and  lower 
limit  to  cluster  fluxes  estimated  by  Tabayashi  and  Bauer  for  in¬ 
cident  shocks.  We  believe  in  ref.  9  the  reflected  shock  tempera¬ 
tures  were  not  sufficiently  high  to  vaporize  the  clusters  formed 


Figure  4 

Critical  (log)  pressures  vs 
temperatures  for  Si  and  Fe/Si 
and  predictions  of  classical 
nucleation  theory  for  Si  nucle- 
ation.  Previous  results  (ref. 
9)  are  shown.  Points  with 
arrows  indicate  upper  limits 
because  of  possible  loss  of 
SiH^  to  the  shock  tube  walls. 


in  the  incident  shock,  resulting  in  inhomogeneous  condensation. 

The  low  temperature  portion  of  the  previous  data  was  not  confirm¬ 
ed  in  this  study  due  to  loss  of  SiH,  from  <0.1%  SiH*  samples  to 
the  shock  tube  walls.  This  led  to  low  infrared  band  intensities 
and  anamolously  low  condensation  temperatures.  The  lower  limits 
to  Si  flux  determined  in  reflected  shocks  in  this  study  are  simi¬ 
lar  to  those  measured  in  ref.  9  using  incident  shocks.  The  Fe/Si 
system  also  shown  condenses  at  nearly  the  same  temperature  as  the 
pure  Si  system,  with  somewhat  higher  condensation  temperatures  at 
high  pressures. 

Figure  5  shows  condensation  pressures  vs  temperature  for  the 
FeOx  system.  The  pressures  assume  the  major  gaseous  component  is 
Fe;  this  is  based  on  vaporization  studies  of  iron  oxide  melts 
(ref.  13).  Vapor  pressures  were  calculated  from  the  pressure  of 
Fe  over  FeO/£\  (ref.  18).  Two  series  of  shocks  were  carried  out 
with  ^O/FetCO)^  ratios  of  1.75  and  6.23.  The  oxygen-rich  system 
condensed  at  slightly  higher  temperatures  than  the  oxygen  poor 
system.  The  crystalline  phases  identified  in  the  condensates  were 
FeO  with  YFe2C>3  and/or  Fe^O^  for  the  oxygen-rich  system,  with 
yFe203  and/or  FejC^  occuring  in  the  oxygen-poor  condensates.  Many 
euhedral  grains  were  seen  in  the  condensates  (Fig.  7) .  Cluster 
formation  rates  were  not  calculated  due  to  uncertainties  in  the 
optical  properties  of  the  initial  FeOx  clusters  formed. 


•ji  nuviwHtiyii 


O 

.,0 


9 

O  -2.0 


1300  1600 


2000 

TEMP.  !°K] 


Homogeneous  Nucleation 


|697| 


F»0^  Nucleation 


I 


ot 

o 


\  IF*) -MW 


A* 

♦W 


•>„  ini—,, 

taw  / 


•  --  FaO,,  [*;  f] 
■  F«0,  [I  F] 


Critical  Prauari-Fi 


2200  2600 

TEMP.  *K| 


Figure  5 

Critical  (log)  pressures  vs 
temperatures  for  FeOx  condensa¬ 
tion,  at  two  different  O/Fe 
ratios.  The  critical  pressures 
vs  temperature  for  metallic  iron 
are  also  shown. 


Condensation  pressures  vs  temperature  for  SiH^j/N^O  and 
SiH^/^O/H?  systems  are  plotted  in  Fig.  6  for  three  different  0/Si 
ratios.  The  "silicon  pressure"  is  predominantly  SiO(„\  (ref.  13) . 
SiO  pressures  vs  T  were  calculated  from  JANAF  data  (rer.  18) . 

The  major  oxygen  bearing  gas  phase  species  in  these  systems  are 
SiO  and  H20.  Hydrogen  was  added  to  the  oxygen-rich  system  to  en¬ 
sure  formation  of  H20  rather  than  allow  free  oxygen  at  high  tem¬ 
peratures.  The  three  ratios  of  0/Si  used  were  1.43,  1.58,  and 
3.10.  Cluster  fluxes  were  not  calculated  due  to  uncertainties  in 
the  optical  properties  of  the  initial  clusters  formed.  The  scat¬ 
ter  and  error  bars  in  these  data  are  significantly  larger  than  the 
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Figure  6 

Critical  (log)  pressures 
vs  temperatures  for  SiO 
condensation  at  three  0/Si 
ratios.  Predictions  of 
simple  classical  nucleation 
theory  are  shown.  The 
assumptions  used  in  calcu¬ 
lating  the  theoretical  pre¬ 
dictions  are  discussed  in 
the  text. 
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other  systems,  due  to  the  large  pressure  ratios  required  for  con¬ 
densation,  and  large  differences  between  the  frozen  and  equili¬ 
brium  shock  conditions,  for  the  concentrated  samples  used.  De¬ 
spite  these  uncertainties,  the  silicon  oxide  shows  much  greater 
temperature  dependence  than  the  other  systems.  An  increase  in  the 
condensation  temperature  with  oxygen  content  at  a  given  (SiO) 
pressure  is  indicated.  For  the  classical  theory  estimates,  we 
assumed  that  rapid  reaction  of  SiO(g)  and  H2O  forms  Si02(£j  the 
most  stable  condensed  phase,  on  the  cluster  surface.  For  reason¬ 
able  cluster  flux  limits,  similar  to  the  other  systems  studied 
1013-iq15  (cm“3  sec-*) ,  condensation  takes  place  at  pressures 
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three  orders  of  magnitude  greater  than  predicted.  The  slope  of 
the  critical  pressure  vs  temperature  curve,  however,  is  correctly 
predicted.  Electron  micrographs  of  the  SiOx  condensates  (Fig.  7) 
show  the  condensates  to  consist  of  spherical  grains.  The  low 
oxygen  condensates  show  an  amorphous  (presumably  SiC>2)  phase  plus 
Si  metal.  The  high  oxygen  condensates  contain  only  an  amorphous 
(Si02)  phase. 

Figure  7.  Electron  Micrographs  of  the  Condensates 
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The  above  data  clearly  show  that  the  classical  nucleation 
theory  is  inadequate  for  describing  the  nucleation  of  refractory 
species  which  exhibit  high  supersaturation  ratios  prior  to  con¬ 
densation.  These  results  are  in  accord  with  recent  condensation 
studies  of  several  low  temperature  systems,  for  example  propanol 
and  water,  in  which  the  experimental  results  are  similar  to  the 
classical  theory  under  low  flux  conditions  (~1  cluster/cm3  sec) 
but  show  systematic  deviations  from  the  classical  predictions, 
under  higher  flux  conditions  10^-9  (clusters/cm3sec)  (ref.  19) . 

The  deviations  are  both  in  high  and  low  temperature  directions.  In 
systems  exhibiting  high  levels  of  supersaturation,  or  under  high 
flux  conditions,  a  more  realistic  kinetic-molecular  formalism  such 
as  outlined  by  Bauer  and  Frurip  (ref.  12)  is  needed  to  correctly 
address  nucleation  phenomena. 

The  three  binary  systems  Fe/Si,  SiOx,  and  FeOx  show  varying 
degrees  of  complexity,  and  illustrate  features  which  should  be  in¬ 
corporated  in  any  comprehensive  theory.  The  binary  system  Fe/Si 
is  the  simplest  of  the  three.  No  change  in  speciation  is  required 
for  the  gas  to  liquid  transition  since  Fe  and  Si  exhibit  complete 
miscibility  (ref.  15).  However,  the  nonideality  of  the  binary 
liquid  is  manifest  in  slightly  higher  condensation  temperatures 
than  for  the  pure  phases.  The  implication  is  that  binary  clusters 
are  more  stable  than  pure  clusters  (he  t  release  on  mixing) .  A 
higher  enthalpy  of  vaporization  leads  uo  a  smaller  critical  size 
nucleus;  i.e.  such  binary  systems  condense  earlier.  The  oxides 
require  simultaneous  reaction  and  nucleation  for  the  condensation 
to  occur.  For  the  classical  nucleation  calculation  we  assumed 
fast  reaction  on  the  cluster  surfaces  of  the  major  gas  phase  spe¬ 
cies  to  form  the  condensed  phase.  This  assumption  implies  that 
the  condensation  should  be  independent  of  the  composition  of  the 
gaseous  species  present  in  excess.  Perhaps  for  both  systems,  and 
particularly  for  FeOx,  the  condensation  temperature  shows  an  ex¬ 
plicit  oxygen  dependence,  indicating  that  the  rate  of  surface 
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reactions,  or  at  least  the  formation  of  the  stable  condensed  ox¬ 
ide,  is  not  faster  than  the  diffusion  rate  of  gas  phase  species  to 
the  clusters.  Species  specific-real  time  spectroscopy  techniques 
to  probe  the  reacting,  condensing  system  will  help  to  elucidate 
the  mechanism  of  such  cluster  formation. 

The  above  experiments  have  implications  for  modeling  the  con¬ 
densation  of  dust  in  astronomical  environments.  Much  of  the  lit¬ 
erature  in  this  field  has  been  devoted  to  calculating  equilibrium 
condensation  temperatures  of  refractory  phases,  such  as  Fe/Mg  sil¬ 
icates  and  iron  (Review,  ref.  20).  The  present  data  indicate  that 
even  under  well  characterized  laboratory  conditions,  equilibrium 
calculations  clearly  do  not  represent  actual  condensation  behavior 
of  the  system;  for  example,  in  Si02,  supersaturations  of  three 
orders  of  magnitude  were  found.  Classical  nucleation  calculations 
are  also  inadequate  to  correctly  describe  astronomical  condensa¬ 
tion  processes.  Only  systematic,  controlled  nucleation  experi¬ 
ments  using  species-specific  real  time  probes,  coupled  with  a  ki¬ 
netic-molecular  nucleation  theory,  will  allow  meaningful  data  to 
be  obtained  which  can  applied  to  astronomical  condensation. 
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Atomic  vapors  of  iron  or  silicon  were  generated  by 
shock  heating  the  compounds  Fe(CO>5  or  SIH4  in  the  incident 
shock  wave  of  a  12.7  cm  diameter  shock  tube.  The  initial 
concentrations  of  the  compounds  in  argon  in  the  driven  sec¬ 
tion  of  the  tube  (driver  gas  He)  were  sufficiently  low  that 
ideal  shock  tube  operation  and  an  isothermal  condensation 
reaction  can  be  assumed.  Varying  shock  wave  temperature 
and  initial  compound  concentration  we  produced  supersatura¬ 
ted  states  between  incident  and  reflected  shock  wave.  The 
atomic  vapors  condensed  to  form  small  clusters  of  the  two 
elements.  The  rate  of  formation  of  these  "droplets"  was 
detected  using  atomic  and  molecular  spectroscopy  and  light 
scattering  respectively.  Because  the  surface  tension 
looses  its  proper  meaning  for  particles  of  atomic  dimen¬ 
sions,  classical  nucleation  theory  cannot  be  used  for  com¬ 
parison  with  the  experiments.  Therefore,  it-was- tried-to- 
describe— the-  condensation  on  the  basis  of  a  new  hypothesis 
omitting  the  use  of  the  surface  tension^  Rate  constants 
for  condensation  could  be  derived  from  this  simple  model  in¬ 
volving  collision  theory  and  using  a  constant  number  density 


of  growing  particles. 


A 


Introduction 


The  so-called  classical  nucleation  theory  was  developed  by  Volmer  and 
Weber  [1],  Becker  and  Doering  [2],  Zeldovich  [3],  Frenkel  [4]  and  others. 

These  authors  use  a  thermodynamic  and  kinetic  model  to  derive  a  theoretical 
steady-state  nucleation  rate  for  the  "critical"  nuclei.  These  particles  are 
produced  in  the  supersaturated  system  and  they  are  assumed  to  be  in  a  metasta¬ 
ble  equilibri  m  with  the  supersaturated  vapor  before  condensation  occurs.  The 
classical  work  involves  two  fundamental  approximations  which  do  not  hold  for 
condensation  studies  in  shock  tubes  of  the  type  discussed  here. 

i)  It  is  assumed  that  the  condensing  systems  contains  a  constant  number  of 
monomers  during  the  reaction  time  with  the  nuclei  removed  from  the  system 
upon  reaching  the  critical  size.  The  mass  of  the  removed  nuclei  is  re¬ 
plenished  by  an  equal  mass  of  monomer.  These  arguments  are  valid  in  open 
systems  like  experiments  in  supersonic  nozzles,  see  Wegener  [5],  but  not 
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necessarily  in  closed  systems  like  Wilson  cloud  chambers  and  shock  tubes, 
ii)  The  classical  theory  uses  the  macroscopic  surface  tension  for  the  calcu¬ 
lation  of  the  reversible  work  of  formation  of  a  droplet  in  the  supersatu¬ 
rated  vapor. 

According  to  Gibbs,  the  use  of  the  surface  tension  is  artificial  when  a  bulk 
liquid  cannot  be  assumed.  In  other  words,  vapor  pressure  and  surface  tension 
for  atoms  or  dimers  cannot  be  defined  by  bulk  approaches  in  situations  as  dis¬ 
cussed  in  this  paper.  Here  condensation  is  a  phenomenon  which  must  be  des¬ 
cribed  without  the  use  of  such  assumptions  by  invoking  the  methods  of  chemical 
kinetics. 

Figure  1  schematically  shows  the  experimental  arrangement.  The  He-driven 
high- temperature  shock  tube  has  a  uniform  diameter  of  12.7  cm,  a  diameter 
large  enough  to  avoid  wall  reactions.  The  length  of  the  driver  and  driven 
sections  is  3.6  m  and  5.4  m  respectively.  Shock  speed  is  measured  by  using 
three  platinum  resistance  gauges  and  recorded  by  c  digital  counter  and  the 
marker  channel  of  a  transient  recorder  (Maurer).  The  first  two  gauge  signals 
are  used  for  triggering  the  digital  counter  and  an  oscilloscope,  while  the 
third  signal  from  the  incident  shock  wave  triggers  the  two-channel  tran&'ent 
recorder,  which  is  operated  in  a  pre-trigger  mode  recording  the  pre-history  of 
the  measurement.  Attenuation  of  the  incident  shock  wave  speed  is  less  than 
1%  per  m  in  all  experiments.  The  gases  used  (He  and  Ar)  were  of  99.9997% 
purity  to  avoid  reactions  with  nitrogen  or  oxygen.  SiH4  is  used  as  a  doped 
gas  at  2%  by  vol.  in  pure  argon.  This  gas  is  mixed  with  the  flowing  carrier 
gas  for  homogeneous  distribution  in  the  driven  section  to  final  concentrations 
of  less  than  1%  by  vol.  in  the  carrier  gas. 

The  Fe(C0>5  is  introduced  into  the  test  section  by  saturating  an  argon  by¬ 
pass  with  the  compound,  and  mixing  again  as  in  the  case  of  SiHt,  described 
above,  to  final  concentrations  of  about  1%.  A  Xenon-high-pressure  arc  (XBO 
450-1)  with  high-stabilized  power  supply  is  used  as  light  source  for  absorp¬ 
tion  and  turbidity  measurements. 

The  Iron  Condensation  Results 

The  incident  shock-wave  temperatures  of  these  experiments  were  about 
1000  K  T  1700  K  at  initial  Fe-atomic  concentrations  2  to  4*1014  cm-3.  The 
supersaturations,  x  *»  p/p<„>  where  p  is  the  initial  Fe  partial  pressure  and  p 
is  the  saturation  pressure  of  the  bulk  iron  phases  at  these  temperatures  were 
about  2.2  _<  inx  _<  20.2.  Figure  2  shows  a  typical  analog  signal  of  the  tran¬ 
sient  recorder.  The  top  trace  shows  transient  absorption  of  the  Fe  I  reso¬ 
nance  line  at  X  =  385.991  nm  wavelength.  The  signal  is  obtained  using  the 
method  of  integral  absorption  spectroscopy  described  by  Naumann  and  Michel  [6] 
for  alkaline-earth  atoms  and  by  Steinwandel  et  al.  [7]  for  transition  metal 
atoms.  In  close  approximation,  the  slit  function  of  both  monochromators  are 
triangular.  The  bandwidth  of  the  monochromator  (Zeiss  M4  GII)  was  set  to  0.2 
nm  for  the  Fe  I  measurements.  The  photomultiplier  received  signals  of  integral 
absorption  20%  <_  A  _<  50%.  The  M4  GII  was  operated  at  maximum  dispersion  of 
the  prisms. 

The  atomic  density  rises  immediately  with  the  arrival  of  the  incident 
shock,  because  the  Fe(C0)s  decomposes  completely  in  the  front  of  the  shock 
wave.  It  is  important  to  noticefrom  the  fast  disappearance  of  the  Fe  I  absorp¬ 
tion  signal  that  the  condensation  reaction  starts  at  once  without  delay.  The 
low  plateau  shows  stray  extinction  of  condensate  particles  which  evaporate 
completely  in  the  front  of  the  reflected  shock  wave.  The  bottom  trace  taken 
at  X  =  389.00  nm  outside  the  collision-broadened  Fe-spectral  line  shows  no 
significant  signal.  Therefore,  we  can  assume  that  our  interpretation  of  the 
Fe- I- resonance  signal  is  correct  and  no  significant  impurities  are  present. 

The  rectangular  marks  are  the  signals  from  the  platinum  gauges.  Table  1  shows 
experimental  results  at  various  tenmeratures  (supersaturation)  and  initial 
concentrations  nQ  of  iron  atoms  with  various  condensation  half-value  times 

t1/2* 

All  decav  curves  of  the  atomic  absorption  are  of  the  same  hypobolic  type 
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shown  in  the  transient.  No  indication  of  anything  like  a  delay  in  the  time  to 
establish  nucleation  is  seen.  The  condensation  is  likely  to  be  a  collision- 
controlled  phenomenon  and  many  small  particles  with  a  diameter  <  1  nm  are  pro¬ 
duced.  Figure  3  shows  some  detected  condensation  half  life  times  versus  the 
degree  of  supersaturation. 

The  Silicon-condensation  Results 

In  order  to  clarify  condensation  kinetics  by  new  experimental  methods  we 
did  silicon  condensation  experiments  in  the  temperature  range  2000  K  <  T  £ 

3000  K  at  supersaturations  which  were  produced  by  thermal  decomposition  of 
SiH4  behind  the  incident  shock  wave.  In  these  experiments  we  could  not  detect 
any  absorption  of  the  251,  61  nm  Si  I-resonance  line.  In  this  case  the  decom¬ 
position  of  SiH4  is  the  rate  determining  process  and  the  mechanism  of  decom¬ 
position  will  be  presented  in  a  subsequent  paper.  We  were  able  to  detect  the 
Si2  molecule  by  time-resolved  absorption  spectroscopy  during  the  condensation 
using  the  X-H-band  system  of  the  molecule  (Herzberg  [8]).  The  dimer  is  pre- 
'  nt  immediately  behind  the  incident  shock  wave. 

To  obtain  further  information,  condensation  of  stray-extinction  at  two 
different  wavelengths  was  detected  and  a  typical  experiment  is  shown  in  Fig.  4. 
As  in  the  case  of  iron,  the  condensation  starts  immediately  without  any  delay. 
But  condensation  as  well  as  the  evaporation  in  the  reflected  wave  are  much 
slower  compared  to  the  iron  experiments.  In  the  case  of  silicon  the  number 
density  of  the  droplets  and  the  number  of  atoms  in  the  cluster  are  larger  com¬ 
pared  to  iron.  These  conclusions  are  partly  based  on  a  new  kinetic  descrip¬ 
tion  of  the  condensation. 

Kinetics  of  Particle  Growth 

Condensation  is  a  multistep  reaction  which  can  be  described  by  the  follow¬ 
ing  reaction  scheme  starting  from  the  monomers, 

M  +  M  +  A 


M2  +  M  +  A 


Using  the  classical  description 
equilibrium  has  to  be  assumed  in  the  reaction  scheme.  But  as  denoted,  we  have 
not  been  able  to  find  a  steady  of  nucleation  and  therefore,  we  further  assume 
multistep  oligomerisation. 

A  first  general  approach  using  a  hierarchy  of  kinetic  differential  equa¬ 
tions  starting  with  small  oligomers  is  far  too  underdetermined  to  be  soluble. 
Under  the  assumptions  of  a  constant  number  density  of  particles  that  are  able 
to  grow  and  using  the  relation  between  number  of  atoms  In  the  cluster  and 
cluster  radius  —  the  clusters  are  assumed  to  be  spherical  —  the  following  final 
formula  can  be  derived 
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where  R  is  the  average  instantaneous  radius  of  the  growing  particle,  v  the 
relative  gas  velocity  of  the  particles;  r  is  the  radius  of  one  particle  at 
time  zero  and  t  the  condensation  time;  a,  the  parameter  of  growth  kinetics  is 
defined  by 


a 


3 


(2) 


where  nQ  means  the  initial  monomer  density  and  n  the  growing  particle  density. 

Figure  5  shows  a  calculation  of  the  function  R(t)  and  it  can  be  seen  that 
after  a  certain  time  condensation  ceases.  The  number  density  and  the  cluster 
radii  determine  the  scattering  of  light  and  we  used  the  general  Mie- theory  for 
calculating  turbidity  coefficients  °ext  [9]. 

The  stray-extinction  measurements  at  two  different  wavelengths  allow  the 
determination  of  the  radii.  Good  consistenc  of  our  theoretical  model  with 
the  experiments  is  achieved  by  identifying  the  disposable  parameter  n  of  grow¬ 
ing  particles  with  that  of  silicon  dimers  from  the  dimerisation  equilibrium 

2  Si  Z  Si2,  (3) 

by  extrapolating  the  JANAF-values  [10],  the  final  cluster  radii  in  the  experi¬ 
ment  shown  in  Figure  4  was  determined  to  be  £  1  nm.  The  iron  experiments  also 
agree  with  the  assumptions  described  above  assuming  iron  dimers  as  growing 
particles. 

Finally,  concerning  the  classical  theory  of  homogeneous  nucleation,  we 
believe  that  it's  application  in  the  case  of  silicon  and  iron  condensation  is 
invalid. 
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Table  1:  Some  iron-condensation  experiments. 
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Figure  1:  Schematic  diagram  of  the  experimental  arrangement 
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Figure  2:  Analog  signal  of  the  transient  recorder. 
Iron-condensation  (Fe-atomic  line 
spectroscopy  385.991  nm) . 


Figure  3:  Detected  iron- condensation  times  vs.  degree  of  supersaturation. 


Figure  4:  Analog  signal  of  the  transient  recorder.  Silicon  condensation 
experiment.  Turbidity  measurements  of  the  growing  clusters. 
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Figure  S:  Cluster  Radius  R  as  a  function  of  observation  time.  Calcula¬ 
tions  on  the  basis  of  the  condensation  model. 
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SHOCK-TUBE  SIMULATION  EXPERIMENT  OF  SUPERSONIC  CONDENSATION  FLOW 

ACCOMPANYING  A  SHOCK  WAVE 


HaKURO  OgUCHIj  Katsushi  Funabiki 
AND  ToRU  ItO* 

The  Institute  of  Space  and  Astronautical  Science 
Komaba,  Meguro-ku ,  Tokyo ,  Japan 

Recently,  the  senior  author  (H.O.)  presented  an 
analysis,  based  upon  the  kinetic  theory,  for  one- 
dimensional  strong  condensation  problem',  in  which 
condensation  rate  is  so  large  that  thejnormal  flow 
velocity  directed  onto  an  inter  face  ^ycains 
supersonic.  According  to  the  results ,  a  stationary 
shock  may  appear  far  ahead  of  the  condensing 
interphase.  The  existence  of  similar  shock  can 
also  be  predicted  by  simple  wave  theory,  if  shock 
wave  is  considered  to  reflect  on  the  wall  allowed 
to  suck  fluid.  Such  a  wall  may  therefore  simulate 
condensing  interphase.  From  this  point  of  view, 
we  conducted  simulation  experiment  of  supersonic 
condensation  flow  accompanying  a  shock  wave,  by 
means  of  a  shock  tube.  The  shock  tube  driven  by 
fast-acting  valve  enables  us  to  take  a  series  of 
shadowgraphs  at  any  moments  desired.  The  reflected 
shock  speed  slows  down  for  greater  amount  of 
suction  or  for  smaller  contraction  of  end  wall, 
and  eventually  becomes  stationary  at  rest.  This 
critical  condition  of  stationary  reflected  shock 
is  found  to  be  well  predicted  by  the  simple  wave 
theory.  In  much  increase  of  suction,  the  shock  is 
swallowed  into  the  end  wall .^-These  processes  are 
also  similar  to  wave  propagation  processes  in  a 
supersonic  nozzle  with  varying  contraction  of  the 
diffuser. 


INTRODUCTION 

In  the  past  decade,  the  condensation  problem  has  been  analysed 
from  the  kinetic  point  of  view.  The  strong  condensation  problem 
was  first  analysed  by  Kogan  et  al.  (ref.l)  based  upon  the  kinetic 
model  and  thereafter  by  Hatakeyama  et  al.  (ref. 2)  based  upon  the 
moment  method.  These  analyses,  however,  retained  only  the  cases 
when  the  flow  directed  onto  the  condensing  interface  is  subsonic. 
Recently,  the  senior  author  (H.O.)  and  Hatakeyama  extended  the 
non-linear  analysis  to  the  cases  of  much  stronger  condensation, 
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when  the  flow  directed  onto  the  interphase  attains  supersonic 
beyond  the  sonic  (ref. 3)  According  to  their  results,  there 
appears  a  stationary  shock  wave  ahead  of  the  interface  ,  so  that 
the  large  condensation  rate  is  fed  by  the  pressure  rise  behind 
the  shock  wave.  For  simplicity,  the  analysis  has  been  carried 
out  for  the  one-dimensional  geometry;  that  is,  an  infinitely 
plane  interface  is  considered. 

This  similar  flow  situation  may  be  seen  in  the  reflection 
process  of  the  incident  shock  from  the  wall  allowed  to  suck  the 
fluid.  In  fact,  as  shown  later  on,  the  simple  wave  theory  also 
suggests  the  existence  of  the  reflected  shock  wave  stationary 
relatively  to  the  wall,  if  adequate  amount  of  fluid  is  sucked  at 
the  end  wall.  In  the  shock  tube  research,  there  were  many 
investigations  on  the  interaction  problem  of  the  shock  wave  with 
the  porous  wall,  grid  and  wire  mesh,  which  allow  the  fluid  suction 
or  passage.  The  interaction  mechanism  was  studied  from  the  various 
view  points;  for  example,  one  may  cite  the  references  4-8.  If 
our  attention  is  focused  on  the  behavior  of  the  reflected  shock, 
the  greater  incident  shock  Mach  numbers  are  likely  to  slow  down 
the  propagation  speed  of  the  reflected  wave  (ref. 6)  and  also  the 
greater  amount  of  fluid  passage  or  suction  to  do  so  (ref. 8).  In 
the  continuum  version  of  the  problem,  the  wall  allowed  to  suck 
the  fluid  may  simulate  a  condensation  interface  ,  so  far  as  the 
wave  propagation  induced  by  the  condensation  is  concerned. 
Apparently,  there  is  difference  in  flow  structure  near  the  inter¬ 
face  from  that  near  the  wall.  From  the  point  of  view  mentioned 
above,  we  conducted  a  simulation  experiment  of  one-dimensional 
supersonic  condensation  problem,  focusing  our  attention  to  the 
shock  wave  propagation.  In  this  experiment,  the  shock  tube 
driven  by  a  fast-acting  valve  was  employed  in  some  improvement  of 
the  previous  one  (ref .9) . 


EXPERIMENTAL  APPARATUS;  SHOCK  TUBE 

In  Figure  1  is  shown  the  schematic  diagram  of  the  shock  tube 
used  in  the  present  experiment.  The  shock  tube  is  driven  by 
actuating  a  free  piston  MP  through  an  auxiliary  valve  AP,  in  place 
of  a  conventional  diaphragm  breaking.  The  auxiliary  valve  is  also 
operated  by  actuating  a  small  free  piston.  The  driver  section  of 
the  tube  is  about  5  liters  in  capacity  and  its  maximum  tolerable 
pressure  is  about  30  kg/cm.  The  driven  tube  made  of  stainless 
steel  is  a  circular  tube  of  about  5  m  long  and  50  mm  in  dia.  and 
the  test  section  with  a  rectangular  cross  section  50  x  50  mm  is 
equipped.  The  test  section  is  connected  through  a  reservoir  to  the 
vacuum  system.  In  order  to  change  smoothly  the  cross  section  from 
circular  to  rectangular,  a  distant  section  is  inserted  in  between. 

The  operation  and  performance  of  this  type  of  shock  tube  have 
already  been  reported  in  some  detail  (ref. 9).  We  note  here  that 
the  previous  driven  mechanism  (ref. 8)  has  been  improved  so  as  to 
be  able  to  simultaneously  supply  gases  into  the  driver  section  as 
well  as  the  auxiliary  piston  section  from  a  common  high  pressure 
storage.  This  modification  results  in  further  feasibility  for  the 
operation.  As  can  be  seen  from  the  figure,  a  free  piston  MP  is 
contrived  to  quickly  move  back  and  forth  responding  the  movement 
of  an  auxiliary  free  piston,  which  can  be  followed  by  on-off 
switching  of  small  magnetic  valve,  equipped  outside  of  the  driver 
section.  Namely,  if  the  valve  VI  is  opened  with  closed  V2,  the  gas 
is  supplied  into  the  driver  section  and  then  both  main  and  auxiliary 
piston  shunt  to  stop  the  flow  from  the  driver  section  into  the 
driven  tube  and  also  the  flow  from  the  main  piston  cylinder  to  the 
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atmosphere.  Then,  the  pressure  in  the  driver  section  is  raised  up 
to  a  pressure  desired.  If  the  other  magnetic  valve  V2  is  opened, 
the  gas  behind  the  auxiliary  piston  is  released  into  the  atmosphere. 
With  the  auxiliary  piston  moved  back,  the  gas  behind  the  main 
piston  is  also  released  through  the  drain  tube  into  the  atmosphere. 
Consequently,  the  operation  can  be  made  simply  by  a  snap  action. 
Both  operational  feasibility  and  reproducibility  of  this  type  of 
shock  tube  are  quite  satisfactory ,  as  previously  reported  in  ref . 9 . 


AUXILIARY  PISTON  AP 
MAIN  PISTON  MP 


VACUUM  SYSTEM 

O 


DRIVEN  SECTION 
DRAIN 


POROUS  OBSTACLE 
TEST  SECTION 


Figure  1.  Schematic  of  the  shock  tube. 


THEORETICAL  ASPECT  OF  THE  PROBLEM 

So  far  the  surface  condensation  problem  has  been  analysed 
from  the  kinetic  approach  by  many  investigators.  For  simplicity, 
to  clarify  the  characteristic  nature  pertinent  to  the  flow  induced 
by  surface  condensation  we  consider  a  steady ,  one-dimensional  flow 
of  the  vapor  condensing  on  an  infinitely  plane  interphase.  In  the 
initial  stage  of  the  analytical  study,  the  cases  when  the  conden¬ 
sation  rate  is  small  were  analysed  on  a  linearized  version.  In  the 
cases  of  weak  condensation,  the  condensation  rate  increases  with 
difference  of  the  ambient  pressure  at  infinity  from  the  surface 
pressure.  The  velocity  of  the  induced  flow  directed  onto  the 
interphase  increases  with  condensation  rate.  Consequently,  the 
induced  flow  velocity  also  increases  with  pressure  difference. 
This  is  likely  to  be  valid  unless  the  normal  velocity  at  infinity 
attains  sonic  speed.  By  the  non-linear  analysis  based  on  the 
moment  method  (ref. 3),  it  is  found  that  in  increasing  the  conden¬ 
sation  rate  the  normal  velocity  eventually  attains  supersonic 
beyond  the  sonic.  On  the  contrary  to  the  subsonic  cases,  in  the 
supersonic  cases  the  difference  of  the  ambient  pressure  from  the 
surface  decreases  with  condensation  rate.  Such  large  condensation 
rate,  however,  is  fed  by  the  pressure  rise  behind  the  shock  wave 
which  necessarily  appears  in  the  field  ahead  of  the  kinetic  region 
adjacent  to  the  interphase.  The  kinetic  analysis  clarifies  the 
detail  of  the  flow  structure  including  the  shock  wave  as  well  as 
the  kinetic  layer. 
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In  the  present  paper,  we  concerns  with  a  shock-tube  simulation 
of  the  continuum  version  of  one-dimensional  condensation  flow 
accompanying  a  shock  wave.  Suppose  that  a  condensing  plane  inter¬ 
face  is  inserted  normal  to  the  wall  in  a  shock  tube.  In  the 
condensable  vapor  within  the  shock  tube,  the  incident  shock 
propagates  toward  the  interface  and  reflects  back  from  the  inter¬ 
face.  For  greater  condensation  rate,  the  reflected  shock  slows 
down  in  propagation.  If  we  identify  the  major  effect  of  conden¬ 
sation  on  the  flow  with  that  due  to  the  suction  of  the  flow  at  the 
boundary,  the  condensing  interface  may  be  taken  in  place  by  the 
porous  boundary  which  is  enabled  to  suck  the  flow.  If  so,  the  flow 
concerned  is  schematically  illustrated  as  shown  in  Figure  2;  that 
is,  the  interface  is  replaced  by  a  plate  with  an  orifice.  If  the 
flow  at  the  orifice  is  assumed  sonic,  the  quasi  one-dimensional 
analysis  leads  the  relation  of  the  reflected  shock  Mach  number 
Mr  =  ur/a2  to  the  contraction  ratio  A*/A  ,  for  fixed  flow  Mach  number 
M2=u2/a2  an<^  specific  heats  ratio  y*  As  for  the  symbols,  u  is 
the  flow  or  shock  velocity  relative  to  the  wall,  a  the  sonic  speed, 

M  the  Mach  number  referred  to  a2 ,  A  and  A*  the  cross  section  of  the 
shock  tube  and  orifice,  respectively,  and  the  subscript  2  refers  to 
quantities  pertinent  to  the  flow  behind  the  incident  shock.  Using 
the  shock  and  isentropic  flow  relations,  we  obtain  after  some 
manipulation 


=  (M~F)  (Y+1)/2(Y-1)g1/(y-1)  f _ (XZ1)M2_±  .2 _  ]  (1) 


M{ (y-1)M*  -  (y+1)MM  } 


where 


»  -  Y-l  r(Y-l)*‘+2  n,Mr,  Mr  ,2  .  2{2yM‘- (y-1) } { (y-1)M^+2) 

^4.1  1  O  {  m  1  u  J  qP"?  5 

M2  M2  (y  +  dVm^ 


Y+1  1  (Y+1)M2 


G  = 


(Y+1) Y+1M2Y 


[  (Y-1)M2+2]Y  [2yM2-(y-1)  ] 


and  M  is  the  flow  Mach  number  relative  to  the  reflected  shock; 
that  is, 


Figure  2.  Reflection  of  the  shock  wave  from  an  orifice  plate. 
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M  =  (  u2  +  ur  )  /a2  =  M2  +  Mr 

For  given  M2  and  A*/A  for  a  specific  gas,  Eq. (1)  yields  the 
reflected  shock  Mach  number  Mr.  From  the  definition,  when  Mr = 0 , 
the  reflected  shock  is  stationary  relatively  to  the  wall.  For 
that  case,  M  =  M2  and  thus  A*/A  reduces  to  a  function  of  M  only; 
that  is,  Eq. (1)  reduces  to 

=  [  (y+1)M2]“  (Y+1)/2(Y-1)  [(y-l)M2+2]1//2[2yM2-(Y-l)  ]1/<Y-1) 

(2) 

This  relation  is  the  one  previously  derived  by  Lukasiewicz  (ref. 
10)  for  the  supersonic  diffuser  problem.  The  contraction  ratio 
A*/A  given  by  Eq. (2)  is  the  maximum  diffuser  contraction  permiss¬ 
ible  for  a  supersonic  nozzle  of  Mach  number  M.  This  situation  of 
the  flow  corresponds  to  that  of  a  supersonic  condensation  flow 
accompanying  a  stationary  shock  wave  ahead  of  the  condensing 
interface.  The  results  of  quasi  one-dimensional  analysis  above 
derived  will  be  compared  with  the  experiment  later  on. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  measurements  mainly  consist  of  taking  a  flash  shadowgraph 
and  recording  the  incident  shock  speed  by  means  of  a  couple  of 
pressure  transducers  mounted  flush  with  the  tube  wall.  As  previous¬ 
ly  noted,  the  shock  tube  in  this  experiment  has  an  excellent 
reproducibility  of  the  shock  Mach  number  f  rom  run  to  run ,  so  that 
the  flash  shadowgraph  was  able  to  take  at  any  moment  desired. 
According  to  this  characteristics,  the  reflected  shock  speed  was 
able  to  measure  from  a  series  of  flash  shadowgraphs  under  a  fixed 
incident  shock  speed.  It  is  noted  that  the  reflected  shock  speed 
could  not  precisely  be  measured  from  the  records  of  the  pressure 
gauges  mounted  at  the  wall,  because  the  foot  of  the  reflected 
shock  wave  is  disturbed  due  to  the  interaction  with  the  wall 
boundary  layer  induced  by  the  incident  shock. 

In  Figure  3  are  presented  the  data  obtained  by  the  measure¬ 
ments  mentioned  above,  for  the  cases  of  comparatively  larger 
contraction,  say  A*/A  =  0.18,  0.31,  0.57.  The  incident  shock  Mach 
number  Ms  is  about  3.0  and  the  test  gas  is  nitrogen.  In  this 
figure,  x  is  measured  toward  upstream  from  the  end  wall  and  tr  the 
time  from  the  instant  when  the  incident  shock  has  just  arrived  at 
the  end  wall.  As  can  be  seen  from  the  figure,  the  speeds  of  the 
reflected  shock  wave  are  nearly  constant  during  propagation  toward 
upstream  for  a  fixed  contraction.  Also  a  typical  example  of 
shadowgraph  is  shown  in  Figure  4. 

In  this  experiment,  our  attention  is  focused  on  the  cases  of 
much  smaller  contraction;  for  example,  A*/A  =  0.85  and  0.93. 

For  such  smaller  contractions,  the  geometries  of  the  contraction 
were  chosen  from  a  view  point  of  structural  tolerance.  The 
schematic  of  the  contractions  are  shown  in  Figure  5.  The  similar 
experiments  were  conducted  for  these  contractions.  As  an  example, 
for  A*/A  =  0.93,  a  series  of  shadowgraphs  are  shown  in  Figure  6  for 
Ms  =  3.0  and  3.7.  It  is  worthwhile  noting  that  the  reflected  shock 
is  nearly  plane  except  the  foot  near  the  wall,  despite  the  two 
dimensional  geometry  of  the  contraction.  Furthermore,  it  car.  be 
seen  that  the  reflected  shock  speed  very  much  slows  down  and, 
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Figure  5.  Various  geometries  of  contraction 
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Ms  =  3-7  tr  =  207  vis  tr  =  307  p s  tr  =  357  ps 


Figure  6.  Reflection  of  the  shock  wave  for  A*/A  =  0.93,  N2- 


tr  =  312  ps  tr =  412  ys  tr  =  512  ps 

Figure  7.  Stationary  reflected  shock  wave  for  Ms  =  3.9, 

A*/A  =  0.93,  N2. 

especially,  for  the  case  of  Ms  =  3.9  the  reflected  shock  may  be 
regarded  as  nearly  stationary  relatively  to  the  wall  (see  Figure  7) . 
This  situation  resembles  that  of  the  supersonic  condensation  flow 
accompanying  a  stationary  shock  wave  ahead  of  the  interphase, 
upon  which  all  the  mass  of  incoming  flow  is  condensed.  The 
situation  can  also  be  regarded  as  that  of  the  supersonic  nozzle 
flow  ahead  of  the  maximum  contraction  diffuser. 

To  examine  how  the  geometry  of  contraction  does  affect  on 
the  propagation  ana  formation  of  the  reflected  shock,  two  other 
geometries  of  A*/A  =  0.93  were  tested.  From  comparison  with  these , 
it  can  be  seen  that  the  difference  in  geometry  provides  no  appre¬ 
ciable  difference  in  the  propagation  speed  of  the  reflected  shock 
wave,  while  there  appears  somewhat  difference  in  the  time  needed 
to  establish  a  plane  reflected  shock. 

All  of  the  data  shown  above  are  pertinent  to  the  case  of 
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N2  as  the  test  gas.  The  similar  experiment  has  also  been  conduct¬ 
ed  for  the  case  of  CO2  as  the  test  gas.  The  Mach  number  of 
reflected  shock  is  plotted  against  the  incident  shock  Mach 
numbers  in  Figures  8  and  9,  respectively,  for  N2  and  CO2.  In 
these  figures,  the  full  lines  indicate  the  results  from  Eq.(l), 
which  is  derived  from  quasi  one-dimensional  analysis.  The  agree¬ 
ment  of  the  experiment  is  remarkable.  From  this  fact  the  assump¬ 
tion  of  quasi  one-dimensionality  is  likely  to  be  assured  in 
application  to  the  present  shock  tube  problem. 

Finally,  we  note  from  the  shadowgraphs  for  the  case  of  much 
smaller  contraction  A*/A  =  0.95  that  in  either  case  of  N2  and  CO2 
the  shock  propagating  toward  upstream  disappears  as  if  the  shock 
is  swallowed  toward  the  contraction,  in  other  words,  the  super¬ 
sonic  flow  starts  throughout  the  tube  !ahead  of  the  contraction. 
From  this  fact  it  can  be  said  that  the  shock  wave  disappears  for 
the  contraction  below  the  critical,  for  which  only  the  stationary 
shock  wave  can  exist.  In  simulation  to  the  condensation  problem, 
we  may  conclude  that  the  shock  wave  disappears  even  in  supersonic 
condensation  for  the  stronger  condensation  rate  beyond  the  criti¬ 
cal,  for  which  the  stationary  shock  wave  can  exist  ahead  of  the 
interface  < 


Figure  8. 

Mr  versus  Ms  for 
various  A*/A;  full 
lines  from  simple 
wave  theory  Eq. (1) 
for  N2. 


Figure  9. 

Mr  versus  Ms  for 
various  A*/A;  full 
lines  from  simple 
wave  theory  Eq. (1) 
for  CO2. 
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The  liquefaction  shock  wave,  a  compression  shock 
which  converts  vapour  into  liquid,  has  been 
experimentally  produced  as  the  reflected  shock  at 
the  closed  end  of  a  shock  tube  in  test  fluids 
with  many  molecular  degrees  of  freedom.  Measure¬ 
ments  of  pressure,  temperature,  index  of  refract¬ 
ion  and  shock  velocity  confirm  the  existence  of 
the  shock  and  its  general  conformity  to  classical 
Rankine-Hugoniot  conditions^ • 

Normal  and  stereoscopic  photography  confirms  the 
existence  of  a  clear  liquid  phase  and  reveals 
small  two-phase  torus-form  vortex  rings,  which 
are  formed  in  or  near  the  shockfront  and  move  in 
the  same  direction  as,  but  less  rapidly  than  the 
shock  wave,  i.e.,  the  rings  move  away  from  the 
closed  end  of  the  shock  tube. 

If  the  fluid  behind  the  shock  is  a  mixture  of 
droplets  and  vapour  (partial  liquefaction) 
evidence  of  shock  splitting  at  the  phase  boun¬ 
dary  is  found,  i.e.  the  shock  consists  of  a 
system  of  twoyldiverging  compression  waves. 


INTRODUCTION 

The  liquefaction  shock  is  a  shock  compression  (produced,  for 
example,  in  a  shock  tube),  in  which  the  upstream  state  of  the 
test  fluid  is  gaseous  and  the  downstream  state  is  liquid. 

Contrary  to  the  well-known  condensation  shock  in  expanding 
gas  flows,  the  state  behind  the  liquefaction  shock  can  be  fully 
wet,  i.e.  all  inflowing  gas  will  completely  condense. 

The  physical  background  of  this  new  phenomenon  [1]  is  the 
condensation  behaviour  of  retrograde  gases  ( Fig . 1 ) .  The  isentropic 
compression  of  the  gas  or  saturated  vapour  of  a  regular  fluid 
(air,  water)  will  not  change  the  gaseous  state  of  aggregation  (a). 
In  the  case  of  a  retrograde  fluid  with  its  different  shape  of  the 
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Figure  1.  Temperature  -  entropy  diagramme  for  regular  (a) 
and  retrograde  (b)  fluids. 

saturation  line  in  a  temperature  -  entropy  diagramme  (b)  the  isen- 
tropic  compression  of  a  gas  can  lead  to  a  mixture  or  liquid  state. 
An  essential  difference  between  a  regular  and  a  retrograde  fluid 
is  the  ability  of  retrograde  liquids  to  store  the  released  heat 
of  vapourisation. 

A  shock  compression  with  an  associated  entropy  increase 
As  <  As  ,  (Fig. lb)  can  accomplish  the  phase  transition  if  the 
ideal-ga3c  heat  capacity  c°  exceeds  a  limiting  value: 

Cy  >  40 *R,  where  R  is  the  universal  gas  constant.  This  has 
been  shown  theoretically  by  Thompson  and  Sullivan  in  1975  [1] • 

In  a  following  study  Dettleff,  Thompson,  Meier,  and  Speck- 
mann  [2]  showed  that  the  shock  liquefaction  can  be  verified 
experimentally  in  a  shock  tube.  The  initial  state  0  of  the  test 
fluid  (Fig. 2 )  and  the  Mach  number  M?  of  the  incident  shock  wave 
(I)  were  coordinated  such  that  partial  or  complete  liquefaction 
occured  behind  the  reflected  shock  wave  (R)  in  the  state  2. 


X 


Figure  2.  Schematic  x-t  diagram  for  the  shock  tube 
flow  (test  section). 
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Measurements  of  the  shock  velocity,  pressure,  temperature, 
and  density  in  the  state  2  were  performed,  using  Cg  Fjg  (ISC 
designation  PP3)  in  most  cases  as  test  fluid.  The  results  of 
pressure  and  temperature  measurements  are  shown  in  Fig. 3 . 


Figure  3.  Results  of  pressure 
and  temperature  measurements 
behind  the  liquefaction  shock 
wave,  state  2.  Theoretical 
curves  calculated  by  [3] . 


The  initial  state  0  of  the  test  fluid  is  unchanged  while  the 
Mach  number  Ms  of  the  incident  shock  is  increased  leading  to 
states  2  of  partial  and  complete  liquefaction  behind  the 
reflected  shock. 

More  experimental  results  have  been  published  in  [2],  [4],  [5]. 


PHOTOGRAPHIC  OBSERVATIONS 

The  present  subject  of  investigation  is  the  structure  of  the 
shock  front  where  the  phase  transition  takes  place.  Photographic 
observations  of  the  liquefaction  region  between  the  reflected 
shock  and  the  end  wall  of  the  test  section  show  that  the  complete 
liquefaction  is  associated  with  the  production  of  small  rings 
(Fig. 4 ) .  Detailed  observations,  especially  by  means  of  stereo¬ 
scopic  photography  show  that  the  smaller  rings  (with  a  diameter 
smaller  than  approximately  1  mm)  are  concentrated  in  a  layer  of 
about  1  -  2  mm  thickness  in  or  immediately  behind  the  shock 
front.  A  few  of  them  are  left  behind  in  the  liquid  between  the 
endwall  of  the  tube  and  the  reflected  shock,  increasing  in  dia¬ 
meter.  In  Fig. 5  the  relation  between  the  ring  diameter  and  the 
distance  Ax  (distance  ring-shock  front)  is  shown.  By  means  of 
the  double-flash  technique,  the  movement  of  these  larger  rings 
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Figure  4.  Photographic  observation  of  the  liquefaction  region. 
PP3,  T  =  130  °C,  pQ  =  0.67  bar,  M  =  2.4, 

0.55  ms  after  reflection,  diameter  of  the  window 
50  mm.  View  direction  see  Figure  5. 
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Figure  5. 


Spatial  distribution  of  the  rings  in  the  liquefaction 
region.  Relation  between  the  ring  diameter  D  and 
the  distance  Ax  (ring-shock  front). 
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has  been  observed.  They  move  in  the  same  direction  as  the  reflect¬ 
ed  shock  but  their  velocity  Vm  is  smaller  and  depends  strongly 
on  the  ring  diameter  D  (Fig. 5 ) . 


Figure  6.  Translational 
velocity  vT  of  the  rings 
in  dependence  on  the  ring 
diameter  D. 


The  observed  kinematic  behaviour  of  the  larger  rings  suggests 
that  they  are  vortex  rings,  the  core  being  the  visible  white 
torus  which  we  assume  is  filled  with  a  mixture  of  gas  and  liquid. 
The  measured  quantities  allow  an  estimate  of  the  circulation  r 
of  the  vortices: 


r 


2  n  •  v,p  •  D 


*  0.05 


s 


with  dt  the  core  diameter.  The  above  equation  is  strictly  valid 
only  for  dt/D  <<  1  [6] .  This  estimate  agrees  very  well  with 

another  (2]  with  different  assumptions  concerning  the  pressure 
distribution  inside  and  outside  the  vortex  core. 


SHOCK  INSTABILITY 


An  inherent  property  of  retrograde  fluids  is  that  the  isen- 
trope  in  a  pressure-volume  diagramme  passes  through  the  mixture 
region  and  that  the  isentrope  has  a  discontinuity  in  slope  where 
it  intersects  the  saturation  line  (Fig. 7) .  This  deflection  can 
cause  an  instability  of  the  shock  wave  when  it  lies  between  the 
upstream  and  downstream  state  of  the  shock  compression  [1] . 


Figure  7.  Pressure-volume 
diagramme  of  a  retrograde 
fluid  with  discontinuity  in 
the  slope  of  the  isentrope 
at  tne  phase  boundary. 
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We  have  cheeked  the  behaviour  of  the  liquefaction  shock  wave 
at  the  phase  boundary  and  found  that  shock  splitting  can  occur. 

It  is  assumed  that  the  intermediate  state  1'  (Fig. 7)  at  the 
phase  boundary  is  known.  Then  from  the  known  slope  (3p/3V)t-J'/ 
of  the  isentrope  at  the  phase  boundary  in  the  mixture  and  S 
from  the  shock  adiabate  the  limiting  upstream  state  0  and  down¬ 
stream  state  1  for  which  shock  splitting  is  possible  can  be 
determined.  In  Fig ■ 8  the  results  of  the  calculation  of  limiting 

states  for  the  incident 
shock  wave  are  shown. 

First  experiments  have 
been  performed  to  verify 
the  theoretically  predicted 
shock  splitting.  Using  a 
laser  beam  perpendicular  to 
the  tube  axis  (Fig. 9)  two 
waves  have  been  detected. 

We  found  that  the  fluid  in 
the  state  between  the  two 
shocks  allows  the  trans¬ 
mission  of  the  light  while 
the  intensity  decreases 
behind  the  second  wave  in¬ 
dicating  the  presence  of  a 
gas-liquid  mixture.  Ob¬ 
viously  the  phase  transition 
takes  place  within  the 
front  of  the  second  wave. 


P  0 


Figure  8.  Limiting  states 
for  shock  splitting,  (in¬ 
cident  shock)  in  PP3. 


Figure  9*  Splitting  of  the  incident  shock  in  PP3. 

Measurement  of  the  transmitted  light  intensity  I. 
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In  the  case  of  the  reflected  shock  we  found  that  the  inten¬ 
sity  histories  show  the  same  qualitative  behaviour.  Pressure 
measurements  show  that  two  compression  waves  can  be  reflected 
when  the  phase  boundary  is  between  the  upstream  and  downstream 
state  ( Fig . 10 ) .  When  the  Mach  number  of  the  incident  wave  is 
changed  (initial  state  0  fixed)  the  pressure  of  the  inter¬ 
mediate  state  is  almost  invariable.  With  increasing  Mach  number 
the  first  pressure  jump  decreases  and  the  second  increases.  The 
first  compression  wave  is  steep  while  the  second  has  a  thickness 
of  about  1  mm.  We  are  aware  that  bifurcation  of  the  reflected 


Figure  10.  Pressure  history  of  the  reflected  shock.  Partial 
liquefaction  in  state  2.  Phase  boundary  lies 
between  upstream  and  downstream  state. 

PP3,  =  130  °C,  p^  =  0.7  bar,  Mc  =  1.65  . 

o  o  s 

shock  due  to  boundary  layer  interaction  must  be  expected  [7] .  But 
two  pressure  jumps  have  also  been  observed  on  the  axis  of  the 
tube,  detected  by  means  of  a  pressure  transducer  which  has  been 
introduced  through  the  endwall.  They  occur  at  the  same  time  as 
those  detected  at  the  wall  (position  SW2).  If  the  Mach  number  is 
decreased  and  the  downstream  state  becomes  gaseous  only  one 
reflected  wave  is  observed,  though  bifurcation  should  still  occur. 

Under  conditions  where  shock  splitting  can  be  expected,  a 
laser  beam  which  is  reflected  from  the  inner  side  of  the  window 
in  the  end  wall  shows  intensity  oscillations  immediately  after 
the  reflection  of  the  shock  (Fig . 11 ) .  Outside  of  the  expected 
shock  splitting  region  (gaseous  state  2)  they  are  not  detected. 

We  conclude  that  the  intensity  oscillations  are  due  to  density 
oscillations  behind  the  reflected  shock. 

The  oscillations  do  only  occur  shortly  after  the  reflection. 
This  could  be  an  indication  of  the  establishment  of  a  split  shock 
system  (the  incident  wave  is  stable)  though  a  clear  physical 
reason  is  not  yet  obvious. 
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Figure  11.  Measurement  of  the  reflected  light  intensity. 

Partial  liquefaction  in  state  2.  Phase  boundary 
lies  between  upstream  and  downstream  state. 


CONCLUSION 

Summarizing,  it  can  be  stated  that  shock  splitting  of  lique¬ 
faction  shock  waves  is  evident.  The  stereoscopic  investigation 
shows  that  the  observed  rings  are  produced  in  a  shock  front  of 
about  1  mm  thickness  and  that  their  behaviour  coincides  with 
that  of  vortex  rings. 
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Shock  wave  propagation  in  bubbled  liquids  is  studied  from 
experimental  and  theoretical  points  of  view.  The  third-order 
partial  differential  equation  derived  through  acoustic 
approximation  is  used  to  analyse  subsequent  behaviors  of 
initially  semi-infinite-step  or  square  pressure  pulses.  The 
solutions  are  obtained  in  closed  forms  using  tne  Laplace 
transformation . > 

The  7.5  to  15  athi  He  or  N2  is  used  to  generate  a  shock  wave 
in  an  initially  atomospheric  liquid-bubble  system,  where 
nitrogen,  Ar,  He,  Ar-diluted  oxyhydrogen  or  stoichiometric 
oxyhydrogen  bubbles  of  about  4  to  10  mm  dia.  are  introduced 
into  water  or  glycerin  liquid.  Attenuation  or  dispersion  of 
the  shock  wave  is  observed  by  pressure  transducers,  whereas 
the  motion  of  a  bubble  is  visualized  using  a  high-speed 
framing  camera.  The  motion  is  monitored  during  its  several- 
cycle  oscillation  corresponding  to  the  1.5  msec  duration  of 
the  light  source  and  the  framing  speed  100,000  f/sec.  In 
glycerin  the  top  of  the  bubble  quickly  becomes  flat  when  the 
bubble  diameter  exceeds  minimum  during  the  first  compression- 
expansion  oscillation.  This  flattened  top  remains  unchanged 
in  the  later  processes  while  the  bottom  of  the  bubble 
stretches,  its  lower  half  elongated,  and  finally  the  bubble 
splits  into  a  larger  and  a  smaller  ones.  The  attenuation  of 
the  oscillation  is  found  faster  in  glycerin  than  in  water. 

The  above-mentioned  deformation  is  not  observed  in  water 
where  oscillation  is  in  good  agreement  with  the  theoretical 
analysis  until  the  complete  breakup  of  the  bubble  into  many 
fine  ones  is  triggered  by  the  start  of  Rayleigh-Taylor 
instability.  Ar-diluted  oxyhydrogen  bubbles  in  glycerin  at 
P4  =  15  atm  are  the  only  ones  successful  to  indicate  the 
reaction  during  the  maximum  bubble  compression. 


INTRODUCTION 

Shock  propagation  and  associated  bubble  motion  in  a  bubbled  liquid  have 
been  studied  by  several  workers,  from  the  viewpoint  of  water  hammer  action  of  a 
shock  wave  (refs.  1,2),  where  attention  has  been  focused  on  the  propagation 
velocity  and  structure  of  the  shock  wave.  On  the  other  hand,  the  individual 
behaviors  of  a  bubble  have  been  analysed  in  the  field  of  cavitation  and 
explosives.  In  connection  with  the  mechanism  of  detonation  propagation  in 
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porous  condensed  explosives,  several  different  possibilities  are  proposed  to 
explain  the  formation  of  heterogeneous  hot  spots  during  the  passage  of  front 
shock  wave  (ref.  3);  adiabatic  compression,  shock  wave  formation  due  to  the 
compression  of  porous  pockets  or  bubbles  (ref.  4),  formation  of  micro  jets  in  a 
bubble  caused  by  large  pressure  difference  at  the  interface  between  condensed 
substance  and  gas,  etc. 

In  this  study,  the  behavior  of  a  bubble  after  being  compressed  by  a 
propagating  shock  wave  is  observed  in  a  shock  tube  filled  with  a  liquid:  The 
bubble  gas  species,  the  liquid  materials  and  the  pressure  ratio  P4/P1  are 
changed  in  order  to  observe  their  influences  on  the  motion  of  the  bubble. 

The  observed  results  are  compared  with  a  theoretical  prediction  taking 
account  of  liquid  viscosity  and  nonlinear  bubble  oscillation  under  the  influence 
of  several  different  temporal  pressure  profiles. 

The  influence  of  the  bubble  exothermicity  is  observed  using  stoichiometric 
and  Ar-diluted  oxyhydrogen  mixtures  and  compared  with  inert  bubbles . 

The  acoustic  approximation  is  applied  to  a  weak  shock  wave  propagating  in 
a  bubbled  liquid  to  yield  the  solution  in  a  closed  form.  The  propagation  and 
dispersion  of  the  shock  wave  are  shown  for  the  two  initial  conditions:  step¬ 
shaped  and  square-shaped  pressure  pulses. 

ACOUSTIC  THEORY  OF  SHOCK  PROPAGATION  IN  BUBBLED  LIQUIDS 

One-dimensional  propagation  of  pressure  waves  in  a  liquid  with  homogeneously 
distributed  gas  bubbles  can  be  analysed  taking  account  of  heat  transfer  between 
the  bubbles  and  the  surrounding  liquid.  This  problem  has  already  been  analysed 
considering  such  heat  transfer  and  additionally  the  viscous  effect  caused  by 
the  relative  motion  between  a  bubble  and  a  liquid,  where  the  dispersion  relation 
is  shown  (ref.  5)  and  a  qualitative  description  is  given  to  the  wave  propagation 
when  a  step-shaped  pressure  profile  is  applied  initially  (ref.  6) . 

Assuming  that  (i)  the  relative  motion  between  a  bubble  and  a  liquid,  the 
scattering  of  sound  waves,  the  mass  transfer,  the  deformation  and  oscillation 
of  a  bubble,  the  surface  tension  and  the  gravity  are  neglected,  (ii)  the 
temperature  of  the  liquid  remains  unchanged  due  to  its  large  heat  capacity,  and 
(iii)  the  gas  is  perfect  and  the  temperature  in  a  bubble  is  uniform,  the  acoustic 
approximation  of  flow  equations  leads  to  the  final  form 
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oic  =  bubble  diameter. 


where  Tlo  indicates  the  characteristic  time  of  heat  transfer,  dgj  and  0-e.  the 
adiabatic  and  isothermal  sound  velocities,  jr  the  specific  heat  ratio,  and 
ci.fr  the  thermal  diffusivity.  fi0  denotes  the  void  fraction,  Nu  =  dgq/kg/ 
(Tg-T^)  the  Nusselt.  number,  q  the  heat  flux  through  bubble  surface,  fj.0  and  fgo 
the  initial  mass  densities  of  gas  and  liquid,  fo  *  fief  fro  +  (I -to)  fio  >  R'the  gas 
const,  TgQ  the  initial  gas  temperature  and  a^  the  sound  velocity  of  liquid. 
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It  is  noted  that  Eq. {1)  is  identical  with  the  wave  equation  for  a  gas  under¬ 
going  chemical  reactions  or  relaxation  of  internal  degrees  of  freedom,  where 
an  asymptotic  solution  is  obtained  for  an  initially  step-shaped  pressure  pulse 
(ref.  7) .  Eq. (1)  gives  the  following  equation  for  a  wave  propagating  to  the 
positive  direction  of  x  (ref.  8) : 

-3-/—L  it  f  it-)  +  J-/-L  it  +  _2£_)  -  0  ,5, 

( a*j  dt  dx  /  t,  (  a*.  9t  T  9x  )  ^ 

which  provides  the  exact  solutions  using  the  Laplace  transformation: 

(a)  Initial  condition;  step-shaped  pressure  pulse.  The  exact  solution  is 

{ E(t-  eijf-  -«},  ,6) 

A  =  ~  / )  / f  E(t)=step  function,  I (x)=modified  Bessel. 

(b)  Initial  condition;  square-shaped  pressure  pulse.  The  exact  solution  is 

&(*-  e'W1’  ^ m 

The  two  solutions  (6)  and  (7)  are  illustrated  for  a  air-water  system  in 
Figs.l  and  2.  In  Case  (a)  a  nearly  step-shaped  wave  head  propagates  during  t 
<•£,  with  the  adiabatic  sound  velocity  CLoul  •  At  t  ?  To  ,  the  wave  front  becomes 
attenuated  and  the  effect  of  dispersion  clearly  emerges.  At  t  =  50  ,  the 


Fig.l  Case  (a)  Initial  condition;  step-shaped  pressure  pulse.  Evolution  of 
the  pressure  profile  is  shown  for  the  parameters;  p0  =  1  atm,  T0  = 

300  K,  ff0m  0.3,  do  ■  1  non,  23.3  m/sec,  =  22.0  m/sec, ^=6. 75  ms, 
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Fig. 2  Case  (b)  Initial  condition;  square-shaped  pressure  pulse.  Evolution  of 
the  pressure  profile  is  shown  for  the  parameters;  Pq=1  atm,  To=300  K, 

@o  =0.3,  dg=l  mm,  ££^=23.3  m/sec,  (Xe  =22.0  m/sec,  -£,=6.75  msec,  tw=~E0. 


complete  dispersion  prevails. 


ANALYSIS  OF  BUBBLE  OSCILLATION 

Assuming  that  the  interbubble  distance  is  sufficiently  large,  the  motion  of 
a  bubble  caused  by  the  interaction  with  an  incident  shock  wave  is  treated 
independently.  The  following  simplifications  are  made;  (i)  The  gas  in  the  bubble 
is  thermodynamically  uniform,  obeying  the  perfect  gas  law.  (ii)  The  temperature 
of  the  liquid  is  unchanged,  while  the  viscosity  of  the  liquid  is  taken  into 
account,  (iii)  The  heat  transfer  through  gas-liquid  interface  is  retained  in  the 
formulation  while  the  mass  transfer,  typically  evaporation,  condensation  and 
dissolution  are  neglected.  Then  the  motion  of  a  spherical  bubble  of  radius  R  is 
governed  by 

Mass:  -f~TcKJ) =  * ,  (8) 

Momentum  (ref. 9)  :  R  +  ~f^)  ~h  4-V  ^  ,  (9> 

Energy:  -£(/,  fjiR ~  £  (f*Q™ 


where  IS  denotes  the  kinematic  viscosity  of  the  liquid.  After  some  manipula¬ 
tions,  these  equations  can  be  reduced  to  the  following  in  dimensionless  forms: 


d'R  3  ,  J_  I  d£  _J_  Pi«-K 

efTz  z  ~R~  df'  Re  ft1  etT  M1  K  > 


eft 

-0-  =  -jrr-&(TrOR-J(r-')PfP.*~§--h/z 

^  ft.  f’Pi°  t-±r  K 

to  fo/f0  >  to  K}  >  to  > 


mr. 


4  1  dt 


4  S' to 


(11) 

(12) 

(13) 
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Eqs.(ll)  and  (12),  together  with  Eq.(8)  and  the  equation  of  state,  are  utilized 
to  solve  /?  <  Tf  i  P}  and  *  Temporal  behaviors  of  the  radius,  temperature, 
pressure  and  density  of  the  bubble  can  be  calculated  if  the  far-field  pressure 
'pt0o  in  the  liquid  is  prescribed  a  priori.  However  an  experimentally  observed 
bubble  is  under  strong  confinement  in  a  shock  tube,  and  accordingly  such  far- 
field  pressure  can  not  be  obtained  in  reality.  Instead,  the  pressure  measured 
in  the  same  plane  as  the  window  for  bubble  observation  is  interpreted  as  . 

EXPERIMENTAL 

As  illustrated  in  Fig. 3,  the  present  vertical  shock  tube  consists  of  a 
44 . 5-cm-long  driver  section  separated  by  plastic  diaphragms  from  a  154-cm-long 
test  part  with  50  mm  x  50  mm  square  cross  section.  In  the  test  tube  either  pure 
water  or  glycerin  is  filled  up  to  70  cm  below  the  diaphragms,  while  the  remai¬ 
ning  volume  filled  with  atmospheric  air.  The  selected  pressures  in  the  driver 
section  are  twofold,  7.5  and  15  atm,  using  either  nitrogen  or  helium.  The  lower 
end  of  the  test  tube  is  equipped  with  a  0.8  mm  i.d.  syringe  in  order  to  produce 
a  column  of  bubbles  from  a  vessel  pressurized  up  to  2  -  3  atm.  Shock  tube 
firing  is  made  in  synchronization  with  the  signal  of  steady  bubble  formation. 
The  arrival  of  a  shock  wave  and  the  oscillatory  pressure  behaviors  caused  by 
the  motion  of  bubbles  are  measured  using  the  two  Kistler  601A  pressure  trans¬ 
ducers  mounted  in  the  same  cross  section  as  the  observation  window.  The  motion 
of  a  bubble  is  observed  with  high  temporal  resolution  using  a  high-speed 
framing  camera  Nikon-Uemura  Type  at  about  100,000  f/sec  and  a  Xenon  flash  lamp 
with  a  duration  1.2  msec.  In  order  to  study  the  influence  of  internal  degrees 
of  freedom  and  exothermicity  on  the  amplitude  of  oscillation,  instability  of 
the  bubble  and  extent  of 
maximum  compression,  the 
bubble  gas  species  are  changed 
among  nitrogen,  Ar,  He,  stoi¬ 
chiometric  and  Ar-diluted 
oxyhydrogen . 

(i)  Shock  propagation  in  pure 
liquid:  As  shown  in  Fig. 4, 
substantial  decrease  of  shock 
propagation  velocity  was  ob¬ 
served  due  to  the  wall  defor¬ 
mation  (ref.  10);  956  m/sec 
in  water,  36  %  reduction  from 
its  sound  velocity  1500  m/sec, 
and  1093  m/sec  in  glycerin, 

45  %  reduction  from  1986  m 
/sec.  As  obtained  in  Figs.l 
and  2,  the  dispersion  caused 
broadened  wave  profiles,  the 
rise  time  being  increased 
from  600  f/sec  at  Location  1 
to  1500  f/ sec  at  Location  2  in 
water,  and  from  120  f/sec  at 
Location  1  to  280  f/sec  at  Lo¬ 
cation  2  in  glycerin,  during 
the  passage  of  459  mm.  It  is 
considered  that  the  high  vis¬ 
cosity  of  glycerin  (1500 
times  water  value)  works  to 
suppress  the  dispersion.  The 
second  rise  of  the  pressure 
at  Location  1  occurring  about 
1.4  msec  later  in  both  water 
and  glycerin  can  be  explained 


50x50 


Fig. 3  Sketch  of  Shock  Tube  and  Measurement 
System 


m  Table  1,  bubble  gases  were  either  o.z 

nitrogen  or  stoichiometric  oxyhydrogen 

for  the  two  shock  strengths  P4=7 . 5  and  0  o.o  o.z  0.4  o.«  1.0 

15  atm.  For  any  combination  of  the  _.  ,  „  ,  .  .  .  .  .  .  .  , 

.  ..  ,  ,  .  .  Fig. 6  Temporal  behavior  of  bubble  radius, 

parameters,  the  bubble  motion  was  %  .  ^  ,  ... 

,  .  ,  .  ,  ..  , .  .  .  p  4=7.5  atm  N-,  .  Bubble;  No.  Liquid; 

close  to  cyclic  during  the  first  two  *  „  .,  , 2 

.  .  ...  .  ,  .  . .  ,  water.  Bubble  size;  Rot =2.0  mm. 

periods.  Meanwhile,  a  double-disc-shape 

instability  appeared  immediately  after  the  bubble  diameter  exceeded  the  first 
minimum  and  started  growing.  After  the  first  two  cycles  of  oscillation,  the 
instabilities  spread  over  the  entire  bubble  and,  as  a  result,  the  oscillatory 
motion  deviated  from  periodic  one,  as  shown  in  Fig. 6.  The  initial  periodic  motion 
is  in  good  agreement  with  the  theoretical  result  using  Eqs.(ll)  and  (12),  along 
with  the  far-field  pressure  variation  /§M(t) .  In  fact,  this  far-field  pressure  was 
assumed  to  be  a  step  function  shown  in  Fig. 6,  because  the  wall  pressure  recorded 
a  similar  profile  throughout  water-bubble  experiments. 

Although  the  two  shock  strengths  P4/pi=7.5  and  15  were  used,  appreciable 
increase  of  the  pressure  was  not  obtained  at  the  observation  section  due  to  high 
attenuation  and  dispersion;  this  caused  failure  to  impart  a  large  amount  of 
energy  to  a  bubble  during  the  first  compression  stage.  Minimum  diameter  ratio  R/ 
Rq  never  became  smaller  than  0.6  and  the  gas  temperature  was  at  most  554  K  which 
was  insufficient  to  ignite  a  stoichiometric  oxyhydrogen  in  less  than  100  jUsec. 

It  may  be  interesting  to  note  that  as  soon  as  a  bubble  surface  was  infected 
by  Rayleigh-Taylor  instabilities  completely,  the  instabilities  developed  rapidly 
and  disintegration  into  numerous  fine  bubbles  occurred  within  1  msec. 

(iii)  Flattened  top  of  bubble  in  glycerin:  Glycerin-bubble  experiments  were 


performed  for  more  combinations  of  the  parameters,  as  indicated  on  Table  1. 

It  was  already  seen  that  glycerin  is  more  efficient  to  compress  a  bubble  due  to 
its  smaller  dispersion,  as  shown  in  Fig. 4.  Indeed  the  pressure  peak  reached  more 
than  10  atm  in  comparison  with  2  atm  for  water,  when  P4/pi=15  was  used.  Instead, 
glycerin's  high  viscosity  made  it  impossible  to  control  the  bubble  radius  under 
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Fig. 7  Bubble  motion  in  glycerin  and  simultaneous  pressure  oscillograph. 

Bubble?  0.9AT+0.1 (H2+202) .  initially  ellipsoid  (longitudinal  rad.4.56, 
transverse  rad. 5.00  mm) .  Sequentially  shown  are  the  shadowgraphs  of  a 
bubble  during  the  first  period  of  oscillation.  The  behaviors  of  the 
pressure  at  Location  1  and  2  are  shown  on  the  oscillogram. 
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Fig. 8  Deformation  and  splitting  of  a  bubble  in  glycerin.  Initial  condition; 
a  vertically  long  ellipsoidal  bubble  (longitudinal  rad. about  5  mm) 
containing  pure  Ar,  driver  gas  pressure  15  atm  (He) .  The  shock  wave 
arrives  at  t=-530  psec  and  gives  the  maximum  compression  of  the  bubble 
at  t=0.  The  maximum  stretching  velocity  of  the  bubble  in  vertical 
direction  reaches  40  m/sec,  due  to  the  growth  of  the  bottom  bulge. 
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Fig. 9  Temporal  variation  of  longitudi-  Fig. 10  Bubble  radius  oscillation  near  its 
nal  radius  of  a  bubble  for  seve-  first  minimum.  Transverse  and  lon- 

ral  combinations  of  parameters.  gitudinal  radii  are  compared  for 

non-spherical  bubbles. 


4  mm,  which  caused  the  bubble  oscillation  of  rather  long  period.  As  observed  in 
Fig. 7,  the  shadowgraphs  of  a  bubble  during  the  first  period  of  oscillation  show¬ 
ed  sudden  flattening  of  the  top  at  about  t=430yUsec,  right  after  the  instant  of 
minimum  radius.  This  flat  top  remained  throughout  the  subsequent  oscillation 
process,  indicating  that  there  was  always  a  flow  downward.  Considering  that  the 
images  were  shadowgraphs,  it  is  natural  to  conclude  that  the  actual  bubble  had 
top-hollow  structure  only  the  outline  of  which  was  seen.  Interestingly,  stable 
and  attenuating  oscillation  continued  retaining  nearly  the  same  shape,  even  if 
a  small  bubble  was  puffed  out  at  the  second  or  third  period  of  oscillation (11, 12) . 


(iv)  Parachute-type  instability  in  glycerin:  Immediately  after  the  first  mini¬ 
mum  radius,  a  certain  bubble  posed  a  parachute-shape  instability,  as  seen  in  the 
sketch  of  Fig. 8.  After  ejecting  a  microbubble,  it  rebounded  to  a  flat  shape  and 
then  a  double-disc- type  instability  similar  to  the  one  in  water  appeared  rapidly 
and  grew  into  higher- frequency  instabilities.  In  fact,  this  parachute  type  was 
the  only  one  leading  to  an  irregular  bubble  shape  in  glycerin. 


(v)  Comparison  among  various  bubble  motions  in  glycerin:  Five  different  cases 
are  compared  in  Figs. 9  and  10,  where  attention  was  focused  on  a  bubble  contain¬ 
ing  Ar-diluted  oxyhydrogen.  According  to  a  simple  calculation,  0.55  compression 
gave  the  temperature  922  K  and  the  pressure  18.5  atm,  yielding  the  induction 
time  56^Usec  for  the  gas.  It  is  speculated  that  the  shorter  periods  of  oscilla¬ 
tion  appearing  on  No.l  and  No. 2  curves  of  Fig. 9  and  the  very  short-time  change 
of  radius  shown  in  Fig. 10  might  be  the  outcome  of  exothermic  reaction.  It  is 
also  noted  that  a  He  bubble  in  Fig. 9  oscillated  with  a  shorter  period  even  if 
the  other  parameters  were  almost  identical  to  Ar  bubbles. 


(vi)  Bubble  oscillation  in  glycerin;  theory  and  experiment:  As  seen  in  Figs. 11 
and  12,  the  experimentally  observed  bubble  oscillation  in  glycerin  differed  from 
water  counterpart  in  (a)  faster  attenuation,  (b)  non-linear  behavior,  and  (c) 
at  least  two  high  peaks  in  j^tt) .  In  order  to  obtain  the  best  fit  with  observa¬ 
tion,  the  finite-rise  step,  saw-tooth,  or  periodic  exponential  profiles  was 
assumed  for  the  far-field  pressure.  Figs. 11  and  12  show  that  although  sufficient 
attenuation  was  not  given,  the  latter  two  profiles  provided  far  better  agreement 
with  the  observed  period  than  the  step  profile  which  was  successful  for  water. 
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Liquid : 

Water 

(pressure  profile  is 

nearly  a  step  with  finite  rise  time) 

p^,-  atm  (gas) 

Bubble  qas 
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”2 

1  -  2.5 

mm  ’ 
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mm 

, . 

two  cycles  and  then  instability  domi¬ 
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mm 

nates.  Double-disc  instability  appears 
L.at  the  first  minimum  radius.  R/Ro>0.6. 
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(He) 

2H2+02 
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mm 

ibid.  No  reaction. 

Liquid: 

Glycerin  (pressure 

profile  has 

at  least  two  high  peaks) 

Pa; atm (gas) 

Bubble  qas 

Bubble  radius 

Observed  phenomena 

7.5 

<n2) 

N2,Ar 

4  mm 

Regular  spherical  oscillation. 

15 

(He) 

n2 

4-5 

mm 

'When  parachute-shape  deformation  spo¬ 

15 

(He) 

Ar 

4-5 

mm 

radically  appears,  bubble  splitting  is 

15  (He)  0. 


15 


(He) 


9Ar+0. 1 
(H2+202) 
He 


4-5 


followed  by  instability  growth  into 
double-disc  and  further.  Otherwise,  no 
instability  grows,  although  a  micro¬ 
bubble  is  thrown  out  during  oscillation. 
Bubble  top  flattens  and  remains  unchan¬ 
ged  during  the  entire  process, 
ibid.  Sudden  flattening  of  bubble  top 
appears  at  the  first  minimum  radius. 
Shorter-period  oscillation. 


Table  1.  List  of  Experimental  Conditions  and  Respective  Results 
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Fig. 11  Experimental  and  theoretical  Fig. 12  Experimental  and  theoretical 

bubble  oscillation  in  longitudi-  bubble  oscillation  in  longitudi¬ 
nal  direction,  step  profile.  nal  direction. Jj^»periodic  profile. 
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A  COMPARISON  OF  MEASURED  AND  COMPUTED  ENERGY  EXCHANGER  PERFORMANCE 
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Bellevue,  Washington  98004 

Measurements  and  numerical  modeling  of  energy  exchanger 
flow  and  performance  have  been  carried  out  to  characterise 
controlling  processes  and  to  maximise  the  efficiency  of  a 
small  test  device.  An  energy  exchanger  is  a  rotating, 
axial  flow  wave  machine  in  which  unsteady  gasdynamic 
processes  are  used  to  directly  transfer  work  between 
initially  high  and  low  pressure  streams.  A  laboratory 
scale  energy  exchanger  was  developed  and  tested  under 
steady  flow  conditions  to  study  sensitivity  to  a  number  of 
flow  and  configuration  parameters.  This  machine  operated 
at  a  pressure  ratio  of  approximately  2.5  and  transferred 
approximately  100  kw  of  power  between  two  imped  since 
matched  streams .^.Measurements  were  made  of  both  overall 
flow  and  performance  parameters  and  of  flow  details  during 
tests.  These  data  were  used  to  evaluate  the  work  transfer 
efficiency,  r\  .  which  is  related  to  a  turbine  and 
compressor  efficiency  product,  and  equivalent  adiabatic 
turbine  and  compressor  efficiencies.  Tests  demonstrated  a 
maximum  work  transfer  efficiency  of  74  percent,  equivalent 
compressor  and  turbine  efficiencies  of  75  and  97  percent, 
respectively,  and  showed  the  sensitivity  of  these 
efficiencies  to  the  controlled  parameters.  Test  results 
have  largely  verified  a  computer  model  of  energy  exchanger 
flow,  provided  a  clear  understanding  of  dominant  flow 
processes,  and  led  to  expectations  of  80  to  85  percent 
transfer  efficiencies  in  future  energy  exchangers. 

I .  INTRODUCTION 

The  energy  exchanger  transfers  work  from  an  expanding  high  pressure  gas 
stream  to  another  initially  lower  pressure  gas  stream  which  is  coapressed. 
These  functions  are  analagous  to  those  of  a  mechanically  coupled  gas  turbine 
and  compressor.  However,  the  transfer  of  work  between  these  streams  is  fluid 
dynamic,  and  shaft  work  is  not  a  required  transfer  mechanism.  Since  the 
energy  exchanger  transfers  the  potential  for  doing  work  from  one  gas  stream  to 
another,  it  could  equally  well  be  called  a  "pressure  exchanger”  or  "work 
exchanger."  The  term  "energy  exchanger"  was  coined  by  Hertsberg  (Ref.  1)  in 
his  early  work  to  apply  unsteady  gasdynamic  processes  to  power  cycles. 


Energy  exchangers  are  gasdynamic  wave  machines  similar  to  those 
patented  by  Seippel  in  1946.  Many  applications  of  wave  machines  have  been 
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proposed  since  that  tine.  These  have  included  applications  to  internal 
combustion  engine  supercharging,  hypersonic  wind  tunnel  test  facilities, 
chemical  processing,  high  temperature  compression,  and  other  transfer 
processes  between  gas  streams.  The  development  and  application  of  wave 
machines  has  recently  been  extensively  reviewed  by  Rose  (Ref.  2).  several  new 
applications  of  the  energy  exchanger  to  power  generation  cycles  have  recently 
been  studied  by  mathematical  sciences  Northwest,  Inc.  (Ref.  3).  These 
applications  included  its  use  as  a  high  pressure,  high  temperature  top  stage 
for  a  gas  turbine  topping-steam  bottoming  cycle  using  coal  derived  fuels,  use 
as  a  high  temperature  air  compressor  for  a  coal  burning  NHD  power  plant,  and 
use  as  a  "dirty"  gas  expander/air  compressor  for  pressurised,  fluidised  bed 
(PFB)  fired  coal  burning  power  plants.  TOte  energy  exchanger  offers  distinct 
advantages  in  terms  of  overall  plant  efficiency,  simplicity,  and  durability 
relative  to  gas  turbines  in  PFB  cycles  using  conventional  compressors, 
turbines,  and  gas  clean-up  techniques  (Raf.  3).  These  studies  show  that 
operation  of  the  energy  exchanger  at  work  transfer  efficiencies  of  75  percent 
or  higher  is  required  for  effective  application  of  this  technology  in  power 
generation  applications  (Ref.  3).  As  discussed  below,  results  of  testing  and 
computer  modeling  indicate  that  the  energy  exchanger  will  operate  at 
efficiencies  of  this  level  or  higher  When  this  technology  is  further  developed 
and  implemented  in  large  scale  devices. 

Energy  exchangers  can  be  configured  with  one  expansion/ compression 
cycle  per  revolution  of  the  rotor  as  was  the  test  machine  in  Figure  1.  A 
number  of  long  narrow  gas  passages,  which  behave  very  much  like  shock  tubes, 
are  mounted  on  the  periphery  of  a  rotating  drum.  Two  gas  streams  flow 
steadily  into  the  rotor  through  ports  in  the  stationary  endwalls,  transfer 
power  by  means  of  the  steady  port  flows  and  a  pressure  wave  system  which  is 
repetitively  established  in  each  tube,  and  then  flow  steadily  into  the  outlet 
ports.  Motion  of  the  tubes  past  the  stationary  inlet  and  outlet  ports  and 
regions  of  closed  endwall  is  used  to  establish  the  unsteady  flow  processes 
within  the  rotating  tubes  of  wave  machines.  Low  pressure  gas,  called  the 
"driven"  stream  after  shock  tube  nomenclature,  enters  the  rotor  through  a 
large  port,  is  compressed  by  pressure  waves  within  the  rotor  tubes,  and  leaves 
the  rotor  at  high  pressure  through  the  smaller  driven  stream  outlet  port  in 
Figure  1.  A  continuous  stream  of  high  pressure  gas,  called  the  "driver" 
stream,  enters  the  rotor  through  a  small  inlet  port,  transfers  its  power  to 
the  driven  stream  through  unsteady  flow  processes  on  the  rotor,  and  exhausts 


Figure  Is  Energy  Exchanger 
Rotor,  Inlet  and  Outlet 
Endwall,  and  Port  Assem¬ 
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from  the  rotor  through  a  low  pressure  port.  The  operation  ol  :-e  energy 
exchanger  and  other  wave  machines  is  described  in  considerable  detail  in 
Reference  3.  Through  the  use  of  proper  rotor,  port,  and  endwall  configurations 
and  operating  conditions,  wort  transfer  between  the  driver  and  driven  streams 
cam  be  made  very  efficient.  Both  the  experiments  and  code  projections 
discussed  below  indicate  that  energy  exchangers  can  have  high  efficiencies  and 
other  favorable  operating  characteristics  which  will  make  these  machines  very 
useful  in  power  generation  applications. 

This  paper  extends  the  preliminary  test  and  computational  results 
presented  in  Reference  4  to  the  most  recent  test  data  and  computations 
(Ref.  3).  since  the  earlier  paper,  the  test  energy  exchanger  has  been 
reconfigured,  and  tests  have  been  conducted  for  an  expanded  range  of 
conditions.  The  clearances  between  the  rotor  and  stationary  inlet  and  outlet 
porta  were  reduced  to  minimise  leakage.  Wave  management  ports  have  been  used 
to  cancel  und£sired  reflections  of  compression  and  expansion  waves,  improve 
inlet  and  outlet  flow  uniformity,  and  reduce  associated  losses.  In  addition, 
port  width,  rotor  speed,  and  flow  conditions  have  been  varied  to  identify 
conditions  of  highest  efficiency  and  to  determine  sensitivities  to  flow 
parameter  variations.  Additional  instrumentation,  including  pressure 
transducers  mounted  on  the  rotor,  was  used  to  identify  flow  problems  and 
mechanisms  which  govern  the  energy  exchanger  work  transfer  efficiency.  The 
net  effect  of  the  configuration  and  operating  parameter  changes  has  been  to 
increase  the  transfer  efficiency  to  74  percent. 

The  energy  exchanger  flow  code.  Which  was  described  in  the  earlier 
paper  (Ref.  4)  and  in  Reference  3,  has  been  used  to  calculate  internal  flow 
conditions  and  overall  performance  for  a  range  of  configurations  and  operating 
conditions  of  the  test  energy  exchanger.  AS  discussed  in  Section  IV,  computed 
energy  exchanger  flaws  agree  very  well  with  overall  performance  measurements 
and  with  detailed  measurements  of  flow  property  variations  during  each  tube 
rotation.  This  agreement  has  verified  that  the  dominant  mechanisms  have  been 
adequately  modeled  and  has  provided  confidence  in  the  accuracy  of  the  code  for 
projecting  energy  exchanger  performance  in  other  operating  and  machine  sice 
regimes.  Computations  indicate  that  energy  exchangers  with  throughput  and 
operating  conditions  comparable  to  the  test  device  could  operate  at  transfer 
efficiencies  of  80  percent  if  relatively  minor  changes  were  made  in  the  basic 
wave  system  and  configuration.  Similar  calculations  indicate  that  large  scale 
energy  exchangers  could  operate  with  efficiencies  to  approximately  85  percent 
at  conditions  similar  to  those  tested. 

II.  ENERGY  EXCHANGER  FLOW  CODE 

The  projections  of  energy  exchanger  performance  discussed  below  were 
made  using  a  computer  program  which  was  developed  to  model  energy  exchanger 
flows  (Ref.  3).  The  flew  within  tubes  on  the  energy  exchanger  rotor  was 
modeled  using  the  one  dimensional  unsteady  flow  equations.  Terms  were 
included  to  calculate  friction  and  heat  transfer  processes  using  correlations 
for  steady,  turbulent  pipe  flows.  The  one  dimensional  unsteady  tube  flow 
equations  were  solved  numerically  using  the  flux  correlated  transport 
technique.  This  technique  is  accurate  and  stable  in  regions  of  high  property 
gradients,  such  as  shock  waves  and  interfaces  between  different  gases,  and 
allows  calculations  to  be  carried  out  over  many  cycles.  Thus,  operational 
transients  and  approach  to  steady  state  operation  of  the  energy  exchanger  can 
be  accurately  calculated.  The  internal,  unsteady  tube  flow  equations  were 
coupled  to  steady  flow  equations  governing  the  external  manifold  and  endwall 
leakage  flows  at  the  rotor  boundaries.  All  of  the  inlet  port  flows  external 
to  the  rotor  were  treated  as  regions  of  uniform,  specified  total  pressure  and 
temperature  with  losses  due  only  to  leakage  triien  the  tubes  were  fully  open  to 
the  ports.  The  outlet  ports  were  treated  as  regions  of  uniform,  specified 
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static  pressure.  Leakage  to  atmosphere  through  the  clearance  regions  between 
the  rotor  and  endwalls  was  treated  using  the  steady  flow  equations  governing 
compressible  gas  flow  with  friction,  nte  boundary  condition  equations  were 
treated  independently  as  required  in  each  port  and  blank  endwall  region  and  in 
transition  regions  between  ports  and  between  ports  and  endwall  regions. 

Losses  due  to  transient  pressure  imbalances  between  adjacent  external  and 
internal  regions  were  evaluated  using  a  quasi-steady  flow  formulation  and  the 
assumption  of  no  recovery  of  dynamic  head.  This  energy  exchanger  flow  code  is 
believed  to  model  the  dominant  flow  processes  with  sufficient  accuracy  that 
projections  of  performance  and  evaluations  of  configuration  and  operating 
parameter  dependence  can  be  dependably  made.  This  will  be  apparent  in 
comparisons  with  test  results  as  discussed  in  Section  IV. 

The  efficiency  with  which  the  energy  exchanger  extracts  work  from  the 
driver  stream  and  transfers  it  to  the  driven  stream  is  represented  by  the  work 
transfer  efficiency,  n_.  This  efficiency  was  defined  as  the  ratio  of  the 
increase  in  expansion  work  ideally  extractable  from  the  driven  stream  as  it  is 
processed  by  the  energy  exchanger  to  the  expansion  work  ideally  extractable 
from  the  incoming  driver  stream.  For  the  test  energy  exchanger  this  can  be 
expressed  as 
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where  If  is  the  work  rate  which  could  be  generated  by  expansion  through  an 
ideal  tutfiine  from  the  state  of  interest  to  a  reference  pressure  (ambient 
pressure  for  all  tests  and  computations).  The  subscripts  di,  d2,  01,  and  D2 
refer  to  the  driven  inlet  and  outlet  streams  and  driver  inlet  and  outlet 
streams,  respectively.  The  subscripts  03  and  04  refer  to  the  inlet  and  outlet 
streams  for  the  wave  management  ports,  respectively.  For  ideal  gases  with 
constant  specific  heats,  the  ideal  expansion  work  terms  can  be  written  as 
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where  m  ,  c  ,  T  ,  Y  ,  and  P  f*re,  respectively,  the  mass  flow  rate,  specific 
heat,  temperature,  specific  Seat  ratio,  and  stagnation  pressure  of  the  stream 
of  interest  and  P  is  the  reference  pressure.  The  work  and  efficiency  terms 
were  evaluated  in*the  code  by  suitably  integrating  computed  flow  properties 
across  the  inlet  and  outlet  ports. 

III.  ENERGY  EXCHANGER  TEST  APPARATUS 

Tests  were  conducted  using  a  laboratory  scale  energy  exchanger  and  test 
facility  (Ref.  3)  Which  were  developed  to  demonstrate  high  efficiency,  to 
provide  data  for  code  verification,  and  to  provide  a  better  understanding  of 
dominant  energy  exchanger  flow  mechanisms  and  losses.  The  energy  exchanger 
which  was  used  for  testing  is  shown  partially  assembled  in  Figure  l.  It  was 
designed  on  the  basis  of  ideal  one-dimensional  flow  calculations  using  the 
method  of  characteristics  before  the  flow  code  described  above  had  been 
developed.  This  energy  exchanger  transferred  approximately  loo  kw  from  the 
driver  stream  to  the  driven  stream.  The  argon  driver  stream  and  80%  argon-20% 
helium  driven  stream  had  matched  acoustic  impedances  to  simplify  the  wave 
system  by  which  power  was  transferred.  The  expanding  driven  stream  entered 
the  rotor  at  a  pressure  of  25.3  kPa  (36.9  psia)  and  temperature  of  525  K  and 
left  the  rotor  at  approximately  ambient  pressure.  The  work  done  by  this 
stream  was  largely  used  to  compress  the  driven  stream  from  approximately 
ambient  conditions  through  a  pressure  ratio  of  approximately  2.5.  Mass  flow 
rates  of  the  driver  and  driven  streams  were  in  the  range  of  0. 8-1.1  kg/sec. 
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In  Addition,  two  mil  port  flows  wore  used  during  som  tests  to  cancel 
pressure  waves  at  critical  rotor  locations  and  thus  provide  more  uniform  port 
flows,  better  pressure  recovery,  and  higher  transfer  efficiency.  These  wave 
management  ports  were  located  near  the  driven  gas  inlet  and  outlet  ports  and 
required  approximately  25  and  80  gm/sec  of  flow,  respectively,  to  cancel  the 
principal  expansion  waves.  The  energy  exchanger  rotor  was  40  cm  long,  45  cm 
in  diameter,  and  had  100  tubes  in  the  annular  region  between  32.75  and  40.25 
cm  diameter.  Only  40  percent  of  the  ideal  maximum  endwall  periphery  was  used 
for  gas  flow  in  the  test  energy  exchanger,  as  is  evident  in  Figure  1.  Large 
regions  of  blank  endwall  were  incorporated  for  instrumentation  and  to  permit 
the  energy  transfer  rate  to  be  increased.  The  clearance  between  the  rotor  and 
the  stationary  flow  ports  was  reduced  from  0.033  cm  (0.013  inch)  in  the 
earlier  tests  (Ref.  4)  to  0.010-0.013  cm  (0.004-0.005  inch)  in  the  tests 
reported  here.  The  design  rotor  speed  was  i960  rpm,  and  tests  were  conducted 
for  a  speed  range  to  10  percent  above  and  below  this  value. 

All  tests  were  carried  out  at  steady  state  operating  conditions.  The 
test  facility  which  was  developed  for  this  program  operated  for  six  seconds 
during  each  test.  Gases  and  thermal  energy  for  each  test  were  stored  in 
pressure  vessels  and  storage  heaters,  respectively.  Prior  to  each  test,  the 
rotor  and  all  inlet  and  outlet  ports  and  piping  were  heated  to  constant 
temperatures  corresponding  to  steady  state  conditions.  This  ensured  that  test 
conditions  did  not  change  during  each  test.  Steady  flow  conditions  were 
established  during  the  first  second  of  each  test  by  using  an  appropriately 
designed  valving  and  flow  system.  These  conditions  were  maintained  during  the 
remainder  of  each  test  by  the  programed  opening  of  control  valves.  This 
facility  made  possible  relatively  low  cost,  repeatable  testing  of  the  energy 
exchanger  at  steady  state  conditions. 

Flow  awters,  thermocouple  probes,  and  pressure  transducers  were  used  to 
monitor  inlet  and  outlet  mass  flow  rates,  pressures  and  temperatures  at  low 
velocity  regions  upstream  of  the  inlet  manifolds  and  downstream  of  the  outlet 
diffusers.  The  energy  exchanger  work  transfer  efficiency,  n  ,  as  defined  by 
Equations  (1)  and  (2),  and  the  equivalent  compressor,  n_,  and  turbine,  n^, 
efficiencies  were  evaluated  from  these  data  using  equations  given  in  Reference 
3.  Leakage  was  calculated  as  the  difference  between  the  measured  total  inlet 
and  outlet  mass  flow  rates.  Twenty-four  pressure  transducers  located  on  the 
inlet  and  outlet  endwalls  were  used  to  measure  steady  pressures  at  various 
fixed  angular  locations  of  the  tube  rotation.  In  addition,  three  pressure 
transducers  were  installed  in  one  rotor  tube  at  locations  near  the  inlet,  at 
the  centerplane,  and  near  the  outlet.  They  were  used  to  measure  the  time 
varying  pressure  throughout  the  tube  rotation.  Signals  from  these  high 
frequency  response  transducers  were  transferred  from  the  rotor  to  stationary 
external  amplifiers  and  data  recording  equipment  through  a  low  noise  slip  ring 
assembly.  Gas  samples  were  taken  from  the  outlet  port  regions  where  the 
interfaces  between  driver  and  driven  gases  left  the  rotor  and  were  analysed 
using  a  gas  chromatograph.  These  data  were  used  to  monitor  interface 
locations  and  to  determine  the  degree  of  mixing  between  streams. 

The  entire  test  control,  data  acquisition,  and  data  reduction  sequence 
was  carried  out  using  a  PDP-11  minicomputer  system.  The  steady  state  flow 
data  were  measured,  digitised,  and  stored  in  computer  memory  every  1/30  second 
throughout  each  test.  The  high  frequency  data  from  the  pressure  transducers 
mounted  on  the  rotor  and  a  timing/position  signal  were  measured,  digitised, 
and  stored  at  25  ysec  intervals  for  0.2  second  periods  during  each  test.  Four 
channels  of  a  transient  digitiser  were  used  to  acquire  and  store  this  data  for 
transfer  to  and  reduction  by  the  minicomputer  after  each  test.  All  data  from 
each  test  were  permanently  stored  on  floppy  disks  after  each  test. 

Computations  to  determine  efficiency,  mass  flow  rates  and  leakage,  pressure 
distributions,  and  histories  were  carried  out  shortly  after  each  test. 
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IV.  TEST  RESULTS  AMD  COMPARISONS  WITH 
CODE  CALCULATIONS 


Testing  of  the  energy  exchanger  was  conducted  for  several 
configurations  and  over  a  range  of  operating  conditions.  Configuration 
changes  included  variation  of  the  clearance  between  rotor  and  endwalls, 
incorporation  of  wave  management  ports  near  the  driven  gas  inlet  and  outlet 
ports,  and  increasing  the  area  of  the  main  driven  streasi  outlet  port . 

Operating  parameters  which  were  varied  during  the  test  program  included  driver 
and  driven  gas  inlet  pressures,  driven  gas  outlet  pressure,  rotor  speed,  and 
flow  rates  through  the  wave  management  ports.  The  energy  exchanger  flow  code 
was  used  to  compute  detailed  flow  parameters  and  overall  performance  of  a 
number  of  test  conditions.  The  data  are  discussed  and  compared  with 
computations  in  this  section. 

Overall  Performance  Data  and  Computations 

The  major  configuration  changes  had  significant  effects  on  the  work 
transfer  efficiency  and  flow  through  the  energy  exchanger.  Decreasing  the 
clearance  between  the  rotor  and  stationery  manifold  faces  reduced  the  leakage 
from  approximately  12  percent  of  the  total  input  flow  rate  to  3-4  percent  as 
predicted  by  the  leakage  model,  and  provided  a  substantial  efficiency 
improvement.  This  may  be  seen  by  comparing  the  lower  two  curves  of  Figure  2, 
where  the  dependence  of  the  energy  exchanger  work  transfer  efficiency,  on 

the  driven  stream  outlet  pressure,  PQ2,  is  shown.  The  low  leakage  tests,  for 
Which  data  is  shown  in  Figure  2,  were  conducted  at  a  driver  inlet  total 
pressure  of  2.71  atm,  driven  stream  inlet  stagnation  pressure  of  1.08  atm,  and 
a  driver  outlet  pressure  of  1.00  atm.  The  rotor  speed  of  1790  rpm  gave  a 
higher  efficiency  than  the  design  speed  of  1960  rpm.  Both  inlet  and  outlet 
wave  management  ports  were  closed  for  these  tests.  The  maximum  efficiency  was 
approximately  70  percent  for  driven  outlet  pressures  in  the  range  of  2.2  to 
2.4  atm  for  the  low  clearance  configuration,  approximately  11  efficiency 
points  higher  than  the  high  leakage  case.  The  mass  flow  rate  into  the  driven 
outlet  manifold  decreased  continuously  as  the  pressure  was  raised  for  both 
configurations,  and  caused  a  decrease  in  efficiency  as  the  pressure  ratio  was 
increased.  It  should  be  pointed  out  that  the  test  energy  exchanger  had  no 
mechanical  or  thermal  problems  operating  at  the  low  rotor-manifold  clearance 
once  the  device  had  been  properly  aligned.  No  contact  occurred  during  the 
rapid  pressurixation  and  flow  transients  of  the  tests,  although  some  motion  of 
the  manifolds  could  be  detected. 

A  second  configuration  change  was  suggested  by  exercising  the  unsteady 
flow  code  on  the  test  energy  exchanger  and  closely  related  geometries,  since 


Figure  2:  Comparison  of  Energy 
Exchanger  Efficiency  Varia¬ 
tion  with  Backpressure  for 
Low  and  High  Leakage  Con¬ 
figurations  . 
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decreased  driven  stream  outflow  rates  were  observed  experimentally  at  high 
bacX  pressures  (see  Figure  2),  the  possibility  of  increasing  this  flow  rate  by 
extending  the  high  pressure  outflow  manifold  was  evaluated.  An  ll  percent 
increase  in  mass  flow  rate  and  efficiency  was  predicted  to  result  from  a  15 
percent  increase  in  this  manifold  width.  Unfortunately,  resources  were  not 
available  to  disassemble  the  test  device,  fabricate  a  new  high  pressure 
outflow  manifold,  diffuser,  and  ducting,  and  reassemble  and  realign  the  test 
device.  To  exasiine  the  effectiveness  of  increased  manifold  width,  the  outlet 
wave  management  port  was  operated  in  conjunction  with  the  main  high  pressure 
port  to  provide  matched  recovery  flow  conditions  in  the  low  velocity  ducts 
downstream  of  the  device.  This  increased  the  outflow  area  by  '22  percent, 
substantially  more  than  that  predicted  as  optimal  by  the  code.  For  this 
condition  an  8  percent  improvement  in  efficiency  was  predicted.  The  measured 
high  pressure  outflow  rate  increased  by  approximately  10  percent  and  provided 
an  efficiency  rise  to  ri  -  74  percent,  as  shewn  in  the  uppermost  curve  in 
Figure  2.  Tests  were  conducted  at  only  one  condition  for  this  configuration 
due  to  the  difficulty  in  matching  flows  and  to  the  lateness  in  the  test 
program  of  this  test  series.  However,  higher  efficiencies  could  be  expected 
if  tests  were  conducted  to  optimise  performance  with  respect  to  back  pressure 
and  speed. 


A  comparison  of  measured  and  computed  energy  exchanger  efficiency  is 
made  in  Figure  3  for  the  range  of  pressure  ratios  of  the  driven  and  driver 
streams  used  in  the  low  leakage  tests  of  Figure  2.  Here  PR  is  the  ratio  of 

to  the  driven  inlet  stagnation 


pressure,  P , 
P  to  the  3rd 


the  driven  outlet  stagnation  pressure,  p  , 

and  PR_  is  the  ratio  of  tne  driver  inlet  stagnation  pressure, 
Iriver  outlet  static  pressure,  p  ,  which  was  nearly  ambient, 
variation  in  this  ratio  of  i  'ompression  to  expansion  pressure  ratios  was 
accomplished  experimentally  by  varying  the  backpressure  of  the  driven  outlet 
stream  while  maintaining  all  other  parameters  at  approximate ly  constant 
conditions.  The  experiments  showed  that  efficiency  was  relatively  constant  at 
pressure  ratios  less  than  approximately  o.B.  At  higher  pressure  ratios  the 
efficiency  dropped  off  quite  rapidly  due  to  a  decrease  in  mass  flow  rate  into 
the  constant  width,  high  pressure  outlet  manifold.  The  relative  magnitude  of 
the  computed  work  transfer  efficiency  is  in  quite  good  agreement  with  the 
experimental  data,  although  the  code  predicted  a  drop  in  efficiency  at  lower 
pressure  ratios  which  was  not  observed  in  experiments.  The  difference  between 
predicted  and  measured  efficiencies  is  believed  to  be  due  to  variable  pressure 
and  reversed  flow  conditions  Which  occurred  in  portions  of  the  manifolds  under 
certain  operating  conditions.  These  nonuniform  flow  conditions  became  greater 
at  the  lower  pressure  ratios.  Fortunately,  the  actual  device  performance 
seemed  to  be  less  sensitive  to  these  nonuniformities  than  was  predicted. 

Since  constant  conditions  were  assumed  to  exist  across  the  manifolds  in  the 


- COMPUTED  PBFOWMHCE 


Figure  3 :  Comparison  of 
Computed  and  Measured 
Energy  Exchanger  Ef¬ 
ficiency. 


|742| 


Thayer  and  Zumdieck 


computer  model,  discrepancies  between  experiments  and  the  code  are  not 
surprising  at  conditions  which  produced  nonuniform  external  flows.  Upgrading 
of  the  code  to  include  a  two  dimensional  manifold  flow  model  would  be  very 
desirable  to  better  model  actual  flow  conditions.  However,  the  general 
agreement  between  the  predicted  and  measured  efficiencies  gives  enough 
credibility  to  the  code  that  predictions  can  reasonably  be  made  to  determine 
effects  of  device  configuration  and  operating  parameter  changes . 

Performance  projections  have  been  made  for  energy  exchangers  which 
could  transfer  approximately  100  kW  as  did  the  test  machine  to  determine  the 
configuration  and  maximum  efficiency  which  could  be  expected.  These 
projections  indicate  that  using  an  optimal  driver  outlet  port  width  and 
location  could  increase  the  efficiency  to  approximately  76  percent.  If,  in 
addition,  the  blank  endwall  regions  were  reduced  from  that  used  in  the  test 
device  to  the  minimum  required  for  operation,  leakage  would  decrease  to 
approximately  1  percent  of  the  total  flow  and  improve  the  efficiency  by  3  to  4 
efficiency  points.  Changing  the  low  pressure  port  widths  and  locations 
slightly  to  optimize  real  energy  exchanger  operation  would  improve  efficiency 
by  almost  one  efficiency  point,  moving  the  high  pressure  ports  relative  to 
one  another  is  projected  to  have  a  similar  effect.  The  energy  exchanger  code 
indicates  that  the  combined  effect  of  all  of  these  changes  would  provide  a 
transfer  efficiency  of  80  percent  for  an  optimized,  100  k W  size  energy 
exchanger . 

A  few  additional  calculations  have  been  made  to  evaluate  the  potential 
efficiency  of  large  energy  exchangers.  Devices  considered  were  similar  to  the 
optimized  small  energy  exchanger  and  operated  at  similar  conditions  but  were 
scaled  up  to  handle  100  to  1000  times  more  flow.  Projections  indicate  that 
work  transfer  efficiencies  as  high  as  85  percent  may  be  feasible  for  such 
luge  scale  devices. 

Detailed  Flow  Measurements  and  Computations 

Very  good  agreement  can  also  be  shown  between  measured  and  computed 
pressures  within  the  rotor  tubes  as  they  rotate  through  repetitive  cycles. 
These  comparisons  are  made  for  tests  at  conditions  both  without  (Figure  4)  and 
with  (Figure  5)  flow  through  the  wave  management  ports.  Computed  and  measured 
pressures  at  the  inlet  end  of  the  rotor  are  shown  as  a  function  of  tube 
angular  position,  6 ,  through  one  rotation.  The  zero  angle  location  was 
designated  to  be  at  the  start  of  the  low  pressure,  driver  gas  exhaust  port. 
Pressures  measured  at  fixed  locations  on  the  inlet  manifold  plane  are  also 
shown  as  discrete  data  points  on  these  figures.  Pressures  measured 
continuously  on  the  rotor  and  at  the  adjacent  endplane  are  in  very  good 
agreement,  although  some  electrical  noise  is  evident  for  the  on-rotor  data. 
Agreement  between  computed  and  measured  pressure  histories  is  quite  good  in 
the  active  portion  of  the  cycle  (i.e.,@  <  160  ).  Comparison  of  Figures  4  and 
5  demonstrates  the  effectiveness  of  the  wave  management  ports  in  cancelling 
pressure  disturbances. 

The  efficiency  data,  the  pressure  data  from  endwall  and  on-rotor 
transducers,  and  the  computed  flow  properties  led  to  a  greatly  increased 
understanding  of  the  operation  and  performance  of  real  energy  exchangers 
and  of  the  dominant  wave  mechanisms.  Principal  waves  and  loss  mechanisms  have 
been  identified  and  are  discussed  in  detail  in  Reference  3.  In  the  later 
portion  of  the  test  program  when  the  code  was  operational  and  its  accuracy 
established,  similar  predictions  guided  changes  in  device  operation  to 
optimize  performance.  Additional  calculations  were  used  to  predict 
performance  improvements  Which  would  be  expected  to  derive  from  Changes  in  the 
test  device  configuration  and  scale. 
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Figure  4 :  Comparison  of 
Measured  and  Computed 
Pressure  History  Without 
Wave  Management. 
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Figure  5:  Comparison  of 
Measured  and  Computed 
Pressure  History  With 
Wave  Management 
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V 

Abs tract  The  accidental  bursting  of  a  high-pressure  gas 

pipeline  has  been  modelled  both  in  the  laboratory  using  a 
special  variant  of  shock  tube  with  a  wall-mounted  diaphragm 
and  by  computation. 

The  effect  of  bursting  time  and  driver  gas 
properties  on  the  flow  at  various  points  in  the  vicinity  of 
the  burst  has  been  studied  and  recommendations  have  been 
drawn  up  in  relation  to  hazard  avoidance. 

\ 

\ 


Introduction 


The  increasing  concern  over  the  past  decade  with  industrial  health 
and  safety  has  led  to  a  requirement  for  a  greater  understanding  of  the  hazards 
eg.  in  the  nuclear  power  and  petro-chemical  industries  resulting  from  the 
explosion  of  pipelines  containing  gas  or  vapour  at  high  pressure. 

The  oresent  work  makes  use  of  a  variant  of  the  shock  tube  to  simulate  the 
bursting  of  such  a  pipeline. 

Pressure  measurements  both  inside  the  pipe  and  in  the  vicinity  of  the 
bursting  diaphragm,  augumented  by  schlieren  photography  of  the  emerging  flow 
field  have  given  an  insight  into  the  basic  nature  of  the  flow  and  have 
established  its  resemblance  both  to  gun  muzzle  flows  and  starting  flows  of 
short-duration  rockets.  Computer  modelling  has  reproduced  several  of  the  main 
flow  features  and  has  provided  good  quantitative  predictions  of  peak  over¬ 
pressure  at  various  points  in  the  flow  field.  Regions  of  particular  potential 
hazard  in  the  context  of  pipe  explosic--.  are  identified.  Information  is  also 
presented  on  the  influence  of  fracture  rate  on  peak  blast  over-pressure,  and 
on  the  decay  rate  of  the  blast  with  distance  from  the  burst  for  a  variety  of 
high-pressure  driver  gases. 
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2  .1  Shock-Tube  Pipeline  Explosion  Simulator 

The  shock  tube  used  for  the  simulation  of  the  pipeline  explosions  is  of 
2-inch  square  internal  cross  section  and  has  a  special  test-section  with  a  2- 
inch  square  aperture  cut  through  the  tube  wall.  A  diaphragm  is  initially 
clamped  over  this  aperture  by  means  of  a  special  flange. 

The  diaphragms  used  to  date  have  been  of  half-hard  aluminium,  their 
bursting  pressure  and  petal  formation  controlled  by  milled  diagonal  grooves . 

These  typically  range  from  25%  to  75%  of  the  basic  sheet  thickness  and 
give  bursting  pressures  consistent  to  ±6%,  in  addition  to  producing  reliable 
petalling.(l ,2)* 

The  shock-tube  is  mounted  on  trestles  with  its  axis  4ft  above  the 
laboratory  floor  and  a  vertical  wooden  board  8ft  square  is  attached  to  the 
trestles  as  shown  in  figure  1.  The  diaphragm  clamping  flange  fits  flush  into 
a  hole  in  the  wooden  board,  the  arrangement  serving  to  simulate  a  burst  just 
below  ground-surface. 


2 .2  Conventional  Shock-Tube 

Information  on  the  bursting  characteristics  of  diaphragms  similar  to 
those  used  in  the  blast  simulator  was  obtained  from  the  same  shock  tube  used 
in  the  conventional  mode.  Glass  end-windows  allowed  direct  spark  photography 
of  the  bursting  diaphragms  for  opening-rate  measurements.  Slit  windows  in  the 
side-walls  adjacent  to  the  diaphragm  clamping  flange  allowed  opening-rate 
measurements  by  means  of  a  light-beam/photomultiplier  technique.  The  results 
are  shown  in  figure  2. 

Finally,  a  pair  of  schlieren  windows  extending  across  the  full  depth  of 
the  tube  and  forming  the  actual  diaphragm  clamping  surface  at  their  upstream 
edges,  allowed  flow  visualisation  of  the  earliest  portion  of  the  shock 
formation  process. 

The  diaphragms  used  for  this  work  were  grooved  in  an  H-conf iguration  so 
as  to  produce  two  equal  flaps  on  bursting,  and  thus  generate  an  almost  two- 
dimensional  starting  flow.  The  results  are  shown  In  Plate  1. 


2 .3  Experimental  Measurements 

The  experiments  carried  out  were  aimed  principally  at: 

a)  determining  the  pressure  history  both  in  the  environment  adjacent 
to  the  twrst,  and  inside  the  shock-tube  and 

b)  obtaining  qualitative  information  on  the  nature  of  the  external 
flow-field  produced  by  the  burst. 

Two  approaches  were  used  to  determine  the  pressure  histories.  The  first 
was  based  on  the  use  of  free-mounted  blast  gauges  while  the  second  involved 
the  introduction  of  a  large  splitter-plate  on  the  flow  centre-line  (figure  1) 
so  facilitating  the  use  of  pressure  transducers  in  the  more  orthodox  wall- 
mounted  mode.  In  each  case,  pressure-sensing  elements  of  both  the  piezo- 
resistive  and  piezo-electric  types  were  used.  It  proved  necessary  to  isolate 
the  latter  from  mechanical  vibration  of  the  mounting  probe  or  splitter  plate, 
by  the  use  of  a  soft  suspension  which  gave  a  natural  frequency  of  less  that 
10Hz . 

The  piezo  resistive  gauge  elements  were  substantially  insensitive  to 
mechanical  vibration  but  their  signal-to-noise  ratio  and  resonant  frequencies 
fell  short  of  those  of  the  piezo-electric  types. 

A  further  pressure  transducer  was  symmetrically  wall-mounted  in  the  shock 
tube  immediately  opposite  the  diaphragm  aperture,  so  as  to  indicate  the 
stagnation  pressure  of  the  diaphragm  flow. 

Qualitative  information  on  the  development  of  the  external  flow-field  in 
the  vicinity  of  the  bursting  diaphragm  was  obtained  by  conventional  delayed- 
spark  schlieren  photography. 


*  Numbers  in  parentheses  relate  to  references 
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3 .  Computer  Modelling 

The  flow  In  the  pipe  interior  has  been  computer-modelled  using  a  two- 
dimensional  Eulerian  finite-difference  code  (3),  and  the  same  code  in  axi- 
symmetric  form  has  been  applied  to  the  external  flow-field.  The  properties  of 
the  two-varying  flow  fields  were  conservatively  matched  at  the  diaphragm 
interface.  The  external  field  was  modelled  over  an  axial  distance  of  1.0m  and 
a  radius  of  .5m,  using  a  grid  of  cells  with  dimensions  of  .025m  square.  The 
calculations  were  advanced  in  time-steps  of  not  more  that  5.0  x  10~^  to  ensure 
stability  in  the  finite-difference  equations. 

4  .  Diaphragm  Opening  Time 

The  simplest  model  of  the  opening  process  of  a  metal  diaphragm  assumes 
that  the  petals  are  freely  hinged  at  their  roots  and  that  throughout  the 
opening  process,  a  pressure  equal  to  the  shock  tube  driver  pressure  acts 
normal  to  the  petal  inside  surface.  If  the  pressure  downstream  of  the  petal 
is  ignored,  this  gives  an  opening  time  t,  for  the  triangular  petals  used  in 
the  present  work  of 


1/2 

MnpM /2p.) 

3.1 


where  td  is  the  diaphragm  thickness,  pd  the  diaphragm  material  density,  and 
2L  the  petal-root  width.  ' 

Significant  departures  from  the  simplifying  assumptions  described  above 
occur  in  practice.  These  are  due  mainly  to: 

a)  the  reduction  in  pressure  applied  to  the  petals  as  the  primary 
rarefaction  strengthens  during  petal  folding, 

b)  the  reduction  in  pressure  of  the  petals  associated  with  the  kinetic 
energy  increase  in  the  flew  accelerating  towards  the  progressively 
Increasing  aperture  and 

c)  the  bending  resistance  of  the  petal  edges.  These  factors  together 
with  the  initial  deflection  of  the  pressurised  diaphragm  represented 
as  a  petal  angle  ©  are  incorporated  in  a  realistic  opening  time 
analysis . 

At  a  given  Instant  in  the  diaphragm  opening  process,  it  is  assumed  that  a 
quasi-steady  flow  accelerates  from  the  tail  of  the  primary  rarefaction  to 
sonic  velocity  at  the  point  of  exit  from  the  diaphragm  region. 

This  allows  the  calculation  of  a  time-varying  moment  Mg  on  the  diaphragm 
petals  which  is  given  by : 


where  p* 

Equating 

gives: 


L  sec  Q0 
n 


M  =  2/3 L3p*  (  p/p*- 1  )(y/L)c/(y/L) , 
3  Jo 


3.2 


is  the  quasi-steady  critical  pressure. 

mass  flows  at  the  tall  of  the  rarefaction  and  at  the  diaphragm  exit 


pftuR=p*a*tl-  cos9/cos90)  3.3 

It  is  convenient  to  express  the  properties  behind  the  rarefaction  wave  in  terms 
of  the  tail  slope  N  in  the  x  -  t  plane,  (4)  —  N  =(1/a+)  dx/dt 
and  N  is  then  related  to  0  by  . 
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=  1  -  COS0/COS0O 


(y^i)/2.(yA-D 


3.4 


Combining  the  results  of  equations  3.2  to  3.4  to  give  the  value  of  p*,  the 
moment  M  is  calculated  as  a  function  of  0  . 

When  such  calculations  are  combined  with  evaluations  of  the  bending 
resistance  of  the  petal  edges,  the  resulting  equation  of  petal  motion  is: 


0*  cos30o/(pjtj>;  4pVL 


L  sec0o 

(p/p*~l )(y/L)  d(y/L) 


° 

~  3  L3  (cosQo  +  1  +  CO520o)  2  3.5 


The  second  item  in  the  square  brackets  represents  the  effect  of  root 
bending  stiffness .Integration  of  the  angular  acceleration  equation  gives  the 
results  shown  in  figure  2. 


5 .  Results 

5 .1  Diaphragm  Opening  Rate 

The  effect  of  root  bending  stiffness  is  seen  to  Increase  the  overall 
opening  time  by  some  40 7,  compared  with  the  freely-hinged  case.  Experimental 
measurements  of  petal  motion  obtained,  as  outlined  in  section  2  show  that 
although  the  initial  petal  motion  is  less  rapid  than  predicted,  the  overall 
opening  times  are  well  estimated,  from  equation  3.5.  Plate  1  shows  one  of 
the  multi-spark  diaphragm  opening  pictures  from  which  the ©vs  time  values  were 
determined . 


5 .2  Schlieren  Studies 

Plate  1  also  shows  a  sequence  of  single-spark  schlieren  photographs  of 
the  flow  emerging  from  a  folding  2-flap  diaphragm.  The  initial  diaphragm 
pressure  ratio  was  15.1.  A  well  defined  central  supersonic  .let  appears  on 
most  of  the  frames  with  a  distinct  taper  downstream  associated  with  the 
unsteady  nature  of  the  exit  region  and  the  progressive  increase  in  initial  let 
width  with  time. 

In  the  earliest  pictures  the  coalescing  compressions  from  which  the  shock 
will  shortly  form  are  also  well  defined  ahead  of  the  contact  region. 

Plate  2  shows  corresponding  results  for  the  flow  emerging  into  the 
atmosphere  from  a  folding  4-flap  square  diaphragm.  Two  sequences  of  pictures 
are  shown,  one  taken  using  nitrogen  as  the  driver  gas,  the  other  with  helium 
as  driver. 

In  neither  case  has  the  compression  wave  system  ahead  of  the  contact 
surface  coalesced  into  a  single  blast  wave,  though  the  helium  results 
demonstrate  the  more  rapid  coalescence.  The  plume  of  driver  gas  is  of  course 
three  dimensional  and  its  internal  features  are  masked  by  the  turbulent 
eddying  exterior.  However,  the  general  form  of  the  plume  differs  markedly 
from  its  shock-tube  counterpart  but  is  quite  similar  to  that  shown  in  Plate 
3.  This  was  produced  by  the  firing  of  a  short  duration  rocket-motor .(6)  The 
flow-fields  produced  by  such  devices  have  been  well  understood  for  several 
decades. (5)  Figure  3  illustrates  schematically  their  most  important 
features.  These  include  an  expanding  supersonic  jet  of  propellant  gas 
terminated  downstream  in  a  rearwards-facing  Mach  disc  and  flanked  by  oblique 
she.  .8,  the  above  shock  system  providing  the  appropriate  thermodynamic  changes 
to  match  conditions  at  the  extremities  of  the  plume  to  those  produced  in  the 
atmosphere  by  the  receding  blast  wave.  The  similarity  i'n  the  exterior  shapes 
of  these  plumes  is  an  indication  of  a  further  resemblance  in  the  two  wave 
systems  underlying  them. 
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5 .3  Measured  and  Computed  Pressure  Histories 

The  wall  stagnation  pressure  history  shown  In  Figure  4  shows  that 
following  an  Initial  pressure  reduction  from  p*  resulting  from  the  arrival  of 
the  primary  expansion  from  the  diaphragm,  a  brief  period  of  mechanical 
vibration  of  the  tube  walls  occurs  followed  by  a  period  In  excess  of  4  .Oms  of 
virtually  constant  pressure.  External  blast  wave  measurements  may  be  made 
throughout  this  period  without  loss  of  uniformity  In  driver  conditions  through 
the  arrival  of  the  reflected  rarefaction  wave. 

The  measured  level  Is  slightly  higher  than  both  the  value  predicted  by 
the  theory  In  Section  4  and  the  computed  results.  This  Is  almost  certainly  due 
to  vena  contracts  at  the  aperture  leading  to  a  slight  over-estimate  of  the 
effective  fully  open  area. 

The  axial  pressure  histories  shown  in  figure  5  illustrate  several 
important  flow  features.  Firstly,  the  compression  front  Is  characterised  by  a 
relatively  shallow  gradient.  The  pressure  rise  time  Is  of  the  same  order  as 
the  diaphragm  opening  time  and  the  corresponding  schlleren  photographs  confirm 
the  finite  extent  of  the  coalescing  compression  wave  system. 

Almost  as  soon  as  peak  pressure  is  attained  a  pressure  drop  occurs,  over 
a  time  scale  appreciably  shorter  than  the  original  rise.  This  represents  the 
effect  of  the  Mach  disc  which  Is  seen  to  travel  downstream  to  each  successive 
gauge  station  In  turn  weakening  as  It  does  so.  At  the  first  station  the 
pressure  drop  at  the  Mach  disc  far  exceeds  the  rise  caused  by  the  blast,  and 
might  indeed  represent  the  more  serious  hazard  in  a  real  pipeline  explosion. 

The  large-amplitude  pressure  fluctuations  which  arise  at  each  station  after 
the  passage  of  the  Mach  disc  may  be  linked  with  the  persistence  within  the 
plume  of  driver  gas  of  the  disturbances  which  gave  rise  to  the  secondary 
wavelets  visible  in  many  of  the  schlleren  photographs. 

Several  of  the  fl«»  features  described  above  are  reproduced  in  the 
corresponding  computer  predictions.  The  peak  blast  over-pressures  are  mainly 
In  good  accord  with  measured  values  and  the  Mach  disc  is  quite  well 
represented  though  the  suction  peak  at  the  first  gauge  station  is  of  only  half 
the  measured  magnitude. 

Figure  6  shows  a  typical  trace  obtained  from  the  gauges  arranged  In  a 
column  at  right  angles  to  the  flow  centre-line.  The  record  at  position  1  Is 
essentially  as  discussed  in  connection  with  figure  5  but  the  traces  from 
position  2  exhibit  a  pronounced  double  peak  with  a  repeatable  time  interval 
between.  The  feature  is  consistent  with  the  motion  over  the  transducer  face 
of  the  following  flow  features: 

a)  the  primary  blast  wave  giving  the  first  peak 

b)  the  Mach  disc,  giving  the  ensuing  steep  pressure  reduction 

c)  the  oblique  shock  at  the  edge  of  the  plume  giving  the  rapid  pressure 
recovery  followed  by  a  more  gradual  tailing  off. 

The  third  record  from  a  gauge  at  a  greater  distance  from  the  flow  centre¬ 
line  does  not  show  the  double-peak  feature.  This  indicates  that  the  oblique 
shock  lies  between  the  two  transducer  locations  2  and  3. 

5.4  Effect  of  Opening  Rate 

A  striking  feature  of the  results  relating  blast  pressure  to  diaphragm 
opening  rate  is  the  very  rapid  decrease  in  pressure  occurring  as  the  opening 
rate  decreased.  This  feature,  which  is  illustrated  by  the  results  shown  in  Fig¬ 
ure  7,  was  observed  at  each  of  the  transducer  stations  and  would  appear  to  have 
considerable  significance  in  the  general  context  of  explosion  hazard.  The  in¬ 
dication  is  that  a  ductile  type  of  pipe  fracture  extending  over  a  time  period 
which  is  long  compared  with  L/a^  is  likely  to  produce  lower  blast-over  pressure 
than  the  sudden  shattering  of  the  walls  of  a  brittle  pipe.  The  further  indica¬ 
tion  is  that  this  effect  will  extend  to  a  distance  in  excess  of  five  pipe 
diameters  from  the  burst. 
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S-5  Effect  of  Driver-Gas  Sound  Speed 

As  in  the  case  of  the  simple  shock  tube,  it  is  anticipated  that  with 
helium  as  the  driver  gas,  the  blast  over-pressure  should  be  greater,  for  the 
same  p^  and  diaphragm  opening  time  than  with  air  or  nitrogen  as  driver. 

Carbon  dioxide  on  the  other  hand  should  prove  a  weaker  blast  than  air  again 
under  corresponding  conditions.  All  these  predictions  were  confirmed  in  the 
present  experiments  though  the  differences  in  blast  amplitude  and  velocity 
were  not  especially  great . 

Figure  8  shows  that  the  peak  blast  pressure  ratio  P2/P4  wjien  plotted 

against  the  dimensionless  distance  parameter  ,  collapses  towards  the 

curve:  -165  L 

p2/p4-  IS.0(£U) 

6 .  Conclusions 

a)  The  flow  field  produced  by  a  diaphragm  bursting  in  unconfined  space  has 
been  found  to  display  many  important  features  in  common  with  gun  muzzle 
flows  eg.  Mach  disc  barrel  shocks  and  the  same  distinctive  plume  shape. 

An  understanding  of  these  features  is  essential  in  the  assessment  of 
near-field  hazards  caused  by  pipe  explosions. 

b)  Computer  predictions  of  many  of  the  above  features  are  in  good  accord 
with  experimental  observations. 

c)  Speed  of  rupture  has  an  important  influence  on  peak  blast  over¬ 
pressure.  Ductile  fractures  simulated  by  slowly-opening  diaphragms  give 
much-reduced  blast  amplitudes  compared  with  fast  fractures. 

d)  A  scaling  law  concerning  axial  blast  decay  shows  that  the  pressure 
diminishes  approximately  in  proportion  to  the  one-sixth  power  of  distance 
over  the  first  few  pipes  diameters  of  travel. 

c)  The  peak  suction  some  2  diameters  downstream  of  the  diaphragm  is 

considerably  in  excess  of  the  peak  over-pressure  and  could  provide  the 
major  source  of  hazard  in  a  pipeline  explosion 
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Protection  of  personnel  and/or  equipment  in  enclo¬ 
sures  against  strong  blasts  involves  the  use  of 
fast-action  valves  to  shut  off  ventilation  inlets 
and  other  openings.  Such  a  device  was  submitted  to 
shocks  up  to  5  atms  in  a  large  shock-tube  facility 
and  after  redesign  adequate  strength  was  demons¬ 
trated.^ 

It*was  also  found  that  the  incident  pressure 
jump  is  transmitted,  with  little  attenuation, 
through  the  valve,  during  the  closing  process 
(2-10  msecs) ,  and  means  to  reduce  it  were  sought. 

To  this  purpose,  a  simple  model  of  the  relevant 
wave  phenomena  was  developed  and  experimental 
simulations  were  performed  in  a  small  shock-tube. 

Various  types  of  devices,  mainly  based  on  diffrac¬ 
tion  effects,  were  investigated,  showing  that 
simple  but  effective  solutions  can  be  developed. 

Finally,  the  dangers  of  focalisation  effects 
of  the  primary  blast  are  recalled,  in  the  case  of 
improperly  designed  geometries  at  the  valve  inlet. 

Introduction 

There  are  various  circumstances  in  which  personnel  and/or 
equipment  have  to  be  protected,  in  enclosures,  against  strong 
blasts.  One  common  feature  is  the  use  of  some  kind  of  fast-action 
valves,  to  shut  off  ventilation  inlets  and  other  openings,  under 
the  action  of  the  blast  itself.  In  this  connection,  three  main 
problem  areas  are  to  be  dealt  with:  (i)  to  provide  and  check  the 
mechanical  strength  of  the  valves;  (ii)  to  ascertain  whether  the 
main  blast  impulse  is  properly  attenuated  and,  if  necessary,  to 
take  further  measures  to  reduce  it;  and  (iii)  to  ensure,  by 
adequate  aerodynamic  design  of  the  surrounding  structures,  that 
focalisation  of  the  main  blast  will  not  occur,  overstressing  the 
valves  and  other  inlets. 

This  paper  presents  some  experiments  carried  out  at  the 
INCREST,  in  the  course  of  a  program  which  addressed  the  above  sub¬ 
jects;  it  should  be  pointed  out  that  the  application  field  of  the 
results  is  quite  diversified,  including  protection  against  explo¬ 
sions  in  coal  mines  and  steam  power  plants,  a.s.o. 
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Development  of  a  fast-closing  valve 


Various  types  of  valves  designed  for  this  application  are 
described  in  the  literature  (e.g.ref.l);  they  have  to  fulfill  a 
number  of  conflicting  requirements:  adequate  strength  to  resist 
the  maximum  design  impact  loads  (ranging  from  1  to  over  20  atms) , 
positive  closure  under  the  action  of  much  weaker  shocks  (typically 
0.05  atm),  low  aerodynamic  resistance  (head  loss)  in  the  open  posi¬ 
tion,  foolproof  operation,  minimal  attendance  and  maintenance. 

One  such  valve,  of  the  venetian-blind  type,  has  been  subjec¬ 
ted  to  tests  in  the  large  shock-tube  of  the  INCREST  (figure  1). 

This  facility,  described  at  the  Xll-th  Symposium2,  has  a  length  of 
170  m,  900  mm  ID  and  a  design  overpressure  of  22  atms. 


Figure  1 . 
Installation  of 
the  valve  for 
testing  in  the 
shock -tube . 


To  obtain  the  required  shock  strength,  the  driver  length  of 
the  tube  was  charged  to  10.5  atms;  scribed  mild  steel  diaphragms 
(two  1  mm  sheets)  were  used,  which  gave  very  consistent  results. 

The  measuring  equipment  was  standard,  with  a  counter  chronometer 
to  measure  the  shock  speed  (and  subsequently  to  compute  the  reflec¬ 
ted  shock  overpressure) ;  pressure  transducers  monitored  the  up¬ 
stream  and  downstream  events  (figure  2) .  The  duration  of  the  re¬ 
flected  shock  pressure  plateau  was  over  50  msecs,  quite  sufficient 
to  check  the  operation  of  the  valve. 


Figure  2. 
Oscilloscope  re¬ 
cording  of  the 
primary  and  reflec¬ 
ted  shock ,  upstream 
of  the  valve.  Time 
base,  1  msec/sq. 
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The  first  series  of  tests  showed  that  the  designers  of  the 
valve  had  grossly  underestimated  the  severity  of  the  shock  loads, 
and  a  complete  redesign  was  necessary  before  producing  a  satis¬ 
factory  piece  of  equipment. 

This  experience  prompted  the  decision  to  submit,  on  a  routine 
basis,  samples  of  production  valves,  to  the  same  check  in  our  fa¬ 
cility,  and  no  further  troubles  were  encountered  with  the  new 
design. 

As  mentioned  above,  the  pressure  rise  downstream  of  the  valve 
was  also  recorded,  showing  that  the  closing  duration  of  the  blinds 
was  short,  but  finite  (about  10  msecs  for  a  0.5  atm  shock,  diminish¬ 
ing  to  about  2  msecs  for  the  strongest  blast)  and  that,  during  this 
period,  the  primary  shock  could  pass,  with  little  attenuation, 
through  the  device.  On  the  recording  of  figure  2,  this  closing 
process  is  also  discernible  on  the  upstream  pressure  trace.  Since, 
very  often,  behind  the  valves  there  may  be  equipment  subjected  to 
damage  (such  as  sieves,  filters  a.s.o.),  a  study  was  undertaken, 
to  find  means  for  further  reducing  the  severity  of  the  transmitted 
impulse. 

A  model  for  the  wave  process  associated  with  the  operation  of  the 
valve 


First,  it  should  be  pointed  out  that  the  typical  pressure 
signature  of  a  strong  blast  (figure  3)  shows  a  decay  with  a  time 
constant  of  the  order  of  a  second. 


Figure  3.  The  primary  and 
transmitted  pressure 
impulse. 


The  effects  of  the  blast  on  a  structure  depend  on  its  peak 
overpressure,  but  also  on  the  total  impulse  I.  Now,  as  mentioned 
above,  the  duration  while  the  valve  is  open  is  much  shorter  and, 
therefore,  the  transmitted  impulse  is  greatly  reduced,  although 
the  primary  shock  jump  may  not  be  significantly  attenuated.  In 
view  of  the  above,  it  seemed  reasonable  to  replace,  for  the  pur¬ 
poses  of  our  study,  the  real  blast  shape  with  a  normal  shock, 
followed  by  a  constant  pressure  plateau,  of  a  duration  covering  by 
some  margin  the  closing  time  of  the  valve. 

A  simplified  model  of  the  wave  train  generated  downstream  of 
the  valve  may  then  be  conceived  by  assuming  that,  during  the  first 
instants,  while  the  valve  is  open,  the  primary  shock  is  transmitted 
as  such,  and  it  iu  convenient  to  imagine  a  piston,  whose  motion 
produces  the  shock  (figure  4). 


The  valve  closure  is  then  equivalent  to  stopping  the  piston 
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Figure  4.  Wave  diagram  modelling  the  closing  sequence  of  the 
valve 

OAB-piston  path;  OMN-primary  shock;  AMN-expansion  wave; 
t*-time  lag  of  valve  closure;  (a) -pressure  variation  at  sta¬ 
tion  P;  (b) -ditto,  at  Q. 

which  generates  an  expansion  wave  that  propagates  downstream, 
eventually  to  catch  up  with  the  shock;  the  time  evolution  of  the 
overpressure  at  a  point  in  the  downstream  duct,  as  sketched  in  fi¬ 
gure  4  (a),  is  very  similar  to  actual  recordings. 

Of  course,  the  strength  of  the  transmitted  shock  depends  on 
the  area  of  the  downstream  duct,  relative  to  the  free  passage  area 
of  the  valve  itself,  a  point  to  be  discussed  later;  here  we  note 
that  the  wave  diagram  sketched  above  is  very  similar  to  the 
description  of  events  in  a  shock-tube  having  a  short  driver  cham¬ 
ber  and  operated  at  low  to  moderate  Mach  numbers.  This  remark 
allowed  us  to  undertake  an  experimental  study  of  various  means  for 
reducing  the  strength  of  the  transmitted  impulse. 

The  efficiency  of  shock-attenuating  configurations 

Our  problem  is  then  the  following;  given  a  pressure  pulse  of 
the  shape  shown  in  figure  4  (a),  to  find  means  for  reducing:  (i) 
its  peak  overpressure;  (ii)  the  total  impulse;  and  (iii)  the  ini¬ 
tial  pressure  gradient.  On  the  other  hand,  constraints  are  imposed 
by  the  requirements  of  low  steady-flow  head  loss,  limited  occupied 
space,  and  low  cost. 

1.  A  first  idea  would  be  to  make  use  of  viscous  dissipation, 
and  frequently  various  types  of  filters  (sieves,  pebble  beds  a.s.o.) 
are  installed,  which  could  serve  the  purpose.  However,  these  might 
produce  considerable  head  losses  and,  sometimes,  the  problem  of 
protecting  the  filters  themselves  to  excessive  loads  may  arise. 


2.  Another,  conceptually  simple  solution  is  to  reduce  the 
shock  intensity  by  expanding  the  flow  in  a  large  buffer  chamber 
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The  method  is  effective,  but  may  be  costly  to  implement;  one  should 
also  be  careful  to  protect  objects  placed  along  the  centerline  of 
the  valve,  inside  the  chamber,  since  experience  shows  that  the 
blast  is  far  from  decaying  spherically,  and  quite  sizeable  over¬ 
pressures  may  be  recorded  along  the  flow  direction,  even  at  some 
distance  from  the  outlet. 


3.  Our  attention  was  then  directed  to  using  the  shock  diffrac 
tion  as  a  possible  mechanism  for  dissipating  the  impulse  energy. 
The  idea  would  be  to  fragment  the  primary  shock  through  multiple 
diffractions  inside  a  suitably-configured  structure;  thus,  the 
requirement  of  smearing  the  main  shock  front  is  achieved;  then, 
vortices  and  turbulence  would  act  and  dissipate  the  overall  energy 
of  the  pulse. 


This  concept  originated  from  a  reasessment  of  a  series  of 
experiments  carried  out  some  15  years  ago^;  it  was  found  then,  that 
when  a  shock  wave  was  propagating  through  a  duct  having  a  sharp  90 
degs.  bend,  a  complicated  diffraction  pattern  developed,  resulting 
in  the  transmitted  shock  being  replaced  by  a  train  of  lower-ampli¬ 
tude  waves.  By  contrast,  in  a  rounded  bend,  the  shock  passed  almost 
unaffected. 


Starting  from  the  above  considerations,  a  series  of  experi¬ 
ments  was  undertaken,  in  a  small  shock-tube  (length  4  m,  ID  56  mm, 
charging  pressure  1  atm),  with  a  variable-length  driver  chamber, 
mounting  various  shapes  of  obstacles  at  the  downstream  end.  It  was 
assumed  that,  in  the  relevant  range  of  parameters,  the  pressure 
level,  as  well  as  Mach  and/or  Reynolds  number  simulation  are  not 
essential.  Diagnostic  tools  included  pressure  recordings  and 
Schlieren  pictures.  In  figure  5,  some  of  the  models  tested  are 
sketched . 


Figure  5.  Various  types  of  shock-attenuation  configurations. 
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The  method  is  effective,  but  may  be  costly  to  implement;  one  should 
also  be  careful  to  protect  objects  placed  along  the  centerline  of 
the  valve,  inside  the  chamber,  since  experience  shows  that  the 
blast  is  far  from  decaying  spherically,  and  quite  sizeable  over¬ 
pressures  may  be  recorded  along  the  flow  direction,  even  at  some 
distance  from  the  outlet. 


3.  Our  attention  was  then  directed  to  using  the  shock  diffrac¬ 
tion  as  a  possible  mechanism  for  dissipating  the  impulse  energy. 

The  idea  would  be  to  fragment  the  primary  shock  through  multiple 
diffractions  inside  a  suitably-configured  structure;  thus,  the 
requirement  of  smearing  the  main  shock  front  is  achieved;  then, 
vortices  and  turbulence  would  act  and  dissipate  the  overall  energy 
of  the  pulse. 


This  concept  originated  from  a  reasessment  of  a  series  of 
experiments  carried  out  some  15  years  ago^;  it  was  found  then,  that 
when  a  shock  wave  was  propagating  through  a  duct  having  a  sharp  90 
degs.  bend,  a  complicated  diffraction  pattern  developed,  resulting 
in  the  transmitted  shock  being  replaced  by  a  train  of  lower-ampli¬ 
tude  waves.  By  contrast,  in  a  rounded  bend,  the  shock  passed  almost 
unaffected. 


Starting  from  the  above  considerations,  a  series  of  experi¬ 
ments  was  undertaken,  in  a  small  shock-tube  (length  4  m,  ID  56  mm, 
charging  pressure  1  atm) ,  with  a  variable-length  driver  chamber, 
mounting  various  shapes  of  obstacles  at  the  downstream  end.  It  was 
assumed  that,  in  the  relevant  range  of  parameters,  the  pressure 
level,  as  well  as  Mach  and/or  Reynolds  number  simulation  are  not 
essential.  Diagnostic  tools  included  pressure  recordings  and 
Schlieren  pictures.  In  figure  5,  some  of  the  models  tested  are 
sketched. 
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Figure  5.  Various  types  of  shock-attenuation  configurations. 
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(a)  The  first  model  simulated  a  small  buffer  chamber,  having 
an  enlarged  area  three  times  that  of  the  duct.  Results  showed  that, 
although  at  the  exit  of  the  chamber  some  attenuation  of  the  primary 
shock  is  present,  very  soon  the  shock  reshapes  itself  and  little 
advantage  remains.  This  self-stabilizing  property  of  shock  waves 
is,  incidentally,  the  main  explanation  of  the  working  principle  of 
the  shock-tube . 

(b)  Better  results  are  obtained  if  one  inserts  a  number  of 
baffles  inside  the  buffer  chamber.  These  generate  a  series  of  dif¬ 
fractions  of  the  primary  wave,  while  the  sharp  edges  of  the  baffles 
give  birth  to  a  number  of  vortices,  which  contribute  to  dissipation. 

(c)  Going  further  along  these  lines,  it  was  tried  to  induce 
a  thorough  fragmentation  of  the  shock,  by  inserting  in  the  duct  a 
cone,  having  a  large  number  of  small  perforations;  it  was  found, 
however,  that  the  shock  reestablished  itself  quickly,  without  any 
significant  attenuation,  so  that  this  configuration  had  to  be 
abandoned. 

(d)  Much  improved  attenuation  was  produced  by  configurations 
generating  large-scale  diffraction  patterns  and  concentrated  eddies; 
an  example  is  a  couple  of  sharp  bends  having  turning  angles  of  over 
90  degs  (actually,  135  degs  were  tried) ,  forming  a  Z  traject.  The 
Schlieren  picture  of  figure  6  shows  the  complicated  wave  structure 
into  which  the  primary  shock  is  broken.  As  a  result,  the  initial 
shock  front  is  substai  i_ially  smeared,  as  may  be  seen  in  figure  7. 


Figure  6.  The  diffraction  pattern  in  a  couple  of  sharp 

135  degs.  bends. 
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Figure  7 .  Pressure 
recording  down¬ 
stream  of  the 
sharp  bends  of 
figure  6. 


(e)  This  solution  may  be  further  improved,  e.g.  by  placing  in 
series  two  such  configurations,  in  a  double  Z  pattern.  Such  a  struc¬ 
ture  is  easy  to  build  and  does  not  induce  unacceptable  head  losses 
in  steady  flow. 

(f)  By  applying  the  same  concepts,  one  may  also  improve  the 
efficiency  of  buffer  chambers  without  increasing  their  volume, 
by  not  letting  the  valve  to  discharge  directly  into  the  chamber, 
but  providing  two  lengths  of  tubing  inside  the  chamber,  at  the 
inlet  and  outlet,  as  shown  in  figure  5,  f. 

(g)  Even  further  attenuation  and  boadening  of  the  shock  front 
is  obtained  by  bevelling  the  ends  of  the  tubings  described  above. 
Such  a  design  is  also  relatively  easy  to  implement,  even  in  exist¬ 
ing  sites,  and  should  be  recommended. 

4.  In  addition  to  these  various  configurations  based  on  dif¬ 
fraction  processes,  another,  very  simple  solution  has  been  inves¬ 
tigated.  Refering  back  to  figure  4,  one  may  see  that  the  primary 
shock,  after  being  transmitted  through  the  valve,  will  eventually 
be  caught  by  the  expansion  wave  generated  at  the  valve  closure; 
thereafter,  the  shock  will  be  gradually  eaten  up  by  the  expansion 
(figure  4,  (c) ) .  Therefore,  it  suffices  to  provide,  downstream 

of  the  valve,  a  tubing  of  the  requested  length,  to  take  advantage 
of  this  process.  The  catch-up  distance,  X,  is  readily  computed  and, 
in  the  Mg  range  relevant  to  our  problem,  is  of  the  order  of  10  to 
15  times  aQt*  ,  where  aQ  is  the  sound  speed,  and  t*  the  closing 
time  of  the  valve.  Experiments  in  the  shock-tube  fully  confirmed 
these  considerations.  In  view  of  its  simplicity,  this  solution  is, 
perhaps,  the  most  practical,  in  addition  producing  low  head  losses, 
little  structural  design  problems,  a.s.o.  In  case  a  sufficient 
length  cannot  be  accomodated,  one  may  combine  this  solution  with 
one  of  the  above,  e.g.  by  placing  at  the  tube  end,  a  Z  or  double 
Z  bend  (figure  8). 


15-20  act), 
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Figure  8.  An  efficient  configu¬ 
ration  for  reducing  the  strength 
of  the  transmitted  shock. 
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Finally,  it  should  be  pointed  out  that,  in  most  cases  the 
intensity  of  the  transmitted  shock  is  somewhat  reduced  with  regard 
to  the  primary  blast,  by  the  mere  fact  that  the  downstream  duct  has 
usually,  a  larger  cross-section  than  the  free  passage  area  of  the 
valve  in  the  open  position. 

Prevention  of  focalisation  effects 

We  now  turn  our  attention  to  phenomena  taking  place  at  the 
entrance  to  the  valve,  when  it  is  struck  by  the  blast.  It  should 
be  pointed  out  that  the  direction  from  which  the  blast  could  arrive 
is  seldom  known  exactly  and,  therefore,  a  worst  case  has  to  be  con¬ 
sidered,  namely  that  of  frontal  impingement.  If  the  valve  is 
mounted  flush  with  a  plane  wall  (or  the  ground) ,  the  peak  over¬ 
pressure  would  correspond  to  that  behind  the  reflected  shock,  and 


Figure  9.  Amplification  of  shock  waves  in  conical  cavities, 
a  -  The  effects  of  shallow  cavities, 
b  -  The  effect  of  deeper  cavities. 
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this  would  be  the  intensity  of  the  transmitted  pulse  through  the 
valve,  while  open.  However,  the  geometry  oi  the  inlet  may  produce 
important  effects. 

In  this  connection,  we  recall  here  some  results  of  a  former 
experimental  study4 ,  on  the  overpressure  produced  at  the  end-wall 
of  a  shock-tube,  if  a  cylindrical  recess  is  present.  It  was 
found  that  even  very  shallow  cavities  (L/D=0.02)  produced  visible 
pressure  peaks,  while  the  presence  of  a  longer  tubing  (L/D=1.0) 
doubled  the  reflected  shock  overpressure. 

Even  more  drastic  is  the  effect  of  a  conical  cavity,  as  shewn 
in  figure  9:  for  a  ratio  L/D=0.2  the  pressure  jump  is  doubled, 
while  at  L/D=2.0  a  tenfold  amplification  is  found.  Unfortunately, 
it  is  not  uncommon  to  see  such  configurations  in  actual  sites. 

Bearing  these  in  mind,  one  should  take  care  to  avoid  geome¬ 
tries  which  might  produce  focalisation  effects.  The  simplest  way 
is  to  mount  the  valves  flush  with  the  walls;  one  may  also  use  some 
form  of  protection,  following  the  ideas  discussed  in  the  preceding 
section,  e.g.  by  installing  a  properly-designed  buffer  chamber  in 
front  of  the  valves. 

Finally,  one  should  mention  that,  in  some  instances,  the 
severity  of  blast  loadings  may  depend^on  large-scale  features  of 
the  terrain  and/or  structures  present5 ,  and  some  sort  of  model 
testing  of  the  whole  site  might  be  warranted.  A  large  facility, 
like  the  one  mentioned,  would  be  useful  in  such  a  project. 

Conclusions 

The  shock-tube  proves  itself  again  to  be  a  versatile  tool, 
enabling  a  large  variety  of  subjects  to  be  investigated,  and 
systematic  application  of  concepts  related  to  wave  propagation  and 
diffraction  leads  to  the  development  of  solutions  to  a  problem 
with  manifold  practical  implications. 
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RESPONSE  OF  A  ROOM  SUBJECTED  TO  SIMULATED  SONIC  BOOMS* 


N.  N.  Wahba,  I.  I.  Glass  and  R.  C.  Tennyson 
Institute  for  Aerospace  Studies,  University  of  Toronto 
Toronto,  Canada 


The  response  of  a  room  of  plaster -wood  construction 
with  an  open  window  subjected  to  sonic-boom  loading  was 
investigated  both  analytically  and  experimentally.  First, 
the  pressure  variations  inside  the  room  were  predicted  ana¬ 
lytically  by  viewing  the  room  as  a  Helmholtz  resonator. 

The  UTIAS  Travelling-Wave,  Horn-Type,  Sonic-Boom  Simulator 
was  then  used  to  generate  sonic  booms  in  order  to  check  the 
analysis.  The  measured  room  pressures  were  in  good  agree¬ 
ment  with  the  predicted  results.  The  room  overpressures  in 
some  cases  were  found  to  be  twice  as  great  as  that  in  the 
incident  sonic  booms.  Second,  the  structural  response  of 
the  room  walls  due  to  the  pressure  loading  was  also  pre¬ 
dicted  analytically  and  the  results  compared  to  experiments 
using  strain  gauges.  The  agreement  between  analysis  and 
experiment  was  very  satisfactory.  The  effect  of  various 
physical  parameters  such  as  sonic-boom  duration,  room 
volume  and  window  area  were  investigated.  Third,  the 
statics  and  dynamics  of  a  cracked  plaster-wood  wall  were 
investigated  using  a  finite-element  method  and  checked 
experimental ly . ^ 

The  analysis  and  experimental  data  can  be  useful  in 
assessing  structural  damage  caused  by  supersonic -aircraft 
overflights. 


INTRODUCTION 

Sonic  boom  is  the  transient  pressure  wave  experienced  by  an  observer 
exposed  to  the  shock-wave  system  created  by  a  supersonic  aircraft.  The  sonic 
boom  has  sm  overpressure  signature  that  resembles  a  letter  N,  as  illustrated 
in  Figure  1.  Therefore,  it  is  often  called  an  N-wave.  This  wave  can  be 
defined  by  the  peak  overpressure  p0,  total  duration  x  and  risetimes  of  the 
front  and  tail  waves  tr  and  tf,  respectively.  Typical  values  of  the  peal$ 
overpressure,  duration  and  risetimes  are  100  N/m2,  200-300  ms  and  1-5  ms, 
respectively,  for  a  current  supersonic  transport  (SST)  aircraft  sucli  as  the 
Anglo-French  Concorde,  Soviet  TU-144  or  a  large  military  bomber  like  the  B-58. 


‘This  work  was  supported  by  Transport  Canada  Research  and  Development  Centre 
the  Natural  Sciences  and  Engineering  Council  and  the  U.S.  Air  Force  under 
Grant  AF0SR-77-3303. 
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Figure  1.  Typical  N-wave  pressure 
signal. 


A  shorter  fighter  aircraft  such  as  the  F-16  produces  a  sonic  boom  with  a  dura¬ 
tion  correspondingly  shorter  at  about  100  ms. 

As  a  building  is  subjected  to  a  sonic  boom,  pressure  disturbances  are 
transmitted  into  the  interior  of  the  building  through  open  windows  and  doors 
and  through  its  structural  elements  according  to  their  flexibilities  and  sound 
transmissibilities.  Theoretical  studies  of  the  dynamic  response  of  buildings 
to  sonic-boom  loading  have  been  limited  to  very  idealized  mathematical  models 
such  as  a  single  degree  of  freedom  system,  beams  or  isotropic  homogeneous 
plates  (Refs.  1-5).  However,  these  simplified  models  cannot  accurately  repre¬ 
sent  the  detailed  response  of  a  typical  house  (Ref.  6)  owing  to  a  lack  of 
representation  of  many  factors  such  as  the  coupling  between  the  structural 
elements,  the  interaction  of  the  air  cavities  and  the  structure  of  the  build¬ 
ings  as  well  as  a  lack  of  knowledge  of  the  mode  shapes,  natural  frequencies 
and  structural  damping  of  the  elements. 


Several  overflight  tests  were  conducted  in  St.  Louis  (Refs.  7,  8), 
Oklahoma  City  (Refs.  9-11),  White  Sands  (Refs.  10,  11)  and  Edward  Air  Force 
Base  (Ref.  12)  using  military  aircraft  to  generate  sonic  booms.  The  objective 
of  these  tests  was  to  study  the  reaction  of  communities  to  sonic-boom  exposure. 
Respondents  had  a  negative  attitude  toward  the  sonic  boom.  One  of  the  serious 
concerns  was  the  possibility  of  building  damage  due  to  sonic-boom  loadings. 

The  graph  in  Figure  2  illustrates  the  various  types  of  reported  damage  men¬ 
tioned  in  complaints  and  indicates  their  frequencies  as  a  percentage  of  the 
total  (Ref.  7) .  Although  plaster  cracks  were  reported  most  frequently  (about 
43%  of  the  total),  many  cases  were  considered  to  be  doubtful.  The  reported 
damage  was  considered  possibly  valid  in  only  about  20%  of  the  cases  investi¬ 
gated  (Ref.  8).  In  plaster  walls  for  example,  the  situation  is  complicated 
because  plaster  never  appears  as  a  single  structural  element.  However,  the 
existence  of  a  large  number  of  stress  concentrations  do  exist  in  corners  and 
at  the  junctions  of  ceiling  and  walls. 


plaster  cracks 

BROKEN  WINDOW  BLASS 

WALL  A  FOUNDATION  CRACKS 
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Figure  2.  Bar  graph  showing 
types  of  damage  due  to  sonic 
booms  reported  in  complaints 
(but  not  validated)  in  the 
Greater  St.  Louis  area.  Per¬ 
centage  values  of  abscissa  are 
based  on  a  total  of  3,114  com¬ 
plaints  for  which  data  were 
available  (Ref.  7). 
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Overflights  proved  to  be  disadvantageous  mainly  because  of  the  substantial 
organization  involved  and  associated  costs.  Consequently,  laboratory  tests 
were  conducted  in  the  UTIAS  Travelling-Wave  Horn-Type  Sonic- Boom  Simulator 
(Ref.  13),  where  fatigued  plaster  panels  of  relatively  small  area  (40cm  x  40cm) 
were  first  subjected  to  sonic  booms  to  test  the  so-called  "life-time"  concept 
produced  by  weathering  and  stress  cycling.  The  results  showed  that  panels  of 
this  type  could  withstand  sonic  booms  for  centuries  without  cracking  (Ref.  14). 

The  objective  of  the  present  program  was  to  obtain  both  analytical  and 
experimental  data  for  an  actual  plaster-wood  room  subjected  to  controlled 
sonic-boom  loading.  The  purpose  was  to  study  the  possibility  of  damage  arising 
from  resonance  conditions. 


SIMULATED  SONIC  BOOMS 


The  UTIAS  Travelling-Wave  Horn-Type  Sonic-Boom  Simulator  (Refs.  13-16)  was 
used  to  generate  sonic  booms.  The  simulator  consists  essentially  of  a  steel- 
reinforced  concrete  horizontal  pyramidal  horn  (25m  long  with  a  3m  square  base) . 
A  unique  dual  flap-type  mass-flow  valve  is  installed  near  the  apex  of  the  horn 
to  regulate  the  release  of  stored  air  from  a  high-pressure  reservoir  into  the 
horn.  This  sudden  discharge  creates  a  travelling  N-wave  that  propagates  to 
the  large  end  of  the  pyramid.  The  design,  operation  and  performance  of  the 
sonic  boom- simulator  are  described  in  Ref.  16.  The  open  base  of  the  horn  is 
covered  with  a  recoiling  porous-piston  reflection-eliminator  to  minimize  the 
undesirable  reflection  of  the  sonic-boom  signals  from  the  open  end  of  the  horn. 
A  full  scale  test  room  is  linked  to  the  horn  interior  by  a  1.8m  x  3.6m  cutout. 
This  cutout  is  sealed  with  a  1.9cm  thick  wooden  board  to  permit  various  sizes 
of  openings.  The  inner  dimensions  of  the  room  are  as  follows:  2.42m  high, 

4.1m  long  and  3.2m  wide.  The  walls  and  ceiling  of  this  room  are  made  of  plas¬ 
ter-wood  construction.  A  schematic  diagram  of  the  sonic-boom  simulator  is 
shown  in  Figure  3. 


Structural 
Ta»t  Roam 


MAIN  BUILDING 


Figure  3.  Plan  view  of  travel- 
ling-wave  sonic-boom  simulator. 


The  peak  overpressure  and  duration  of  the  simulated  boom  can  be  controlled 
independently  such  that  either  one  is  less  than,  equivalent  to,  or  greater  than 
that  obtained  for  an  actual  aircraft.  Figure  4  shows  oscilloscope  pressure 
traces  of  simulated  sonic  booms  for  three  different  durations  (100,  190  and 
285ms)  measured  at  a  distance  of  21.3m  from  the  apex  of  the  horn.  There  are 
weak  pressure  perturbations  superimposed  on  the  N-wave  resulting  from  the  fact 
that  the  base  of  the  horn  and  the  reflection  eliminator  are  enclosed  in  a  room 
which  includes  the  test  room.  Therefore,  the  wave  leaving  the  horn  is  partial¬ 
ly  reflected  from  the  walls  and  propagates  back  into  the  horn  through  the 
porous  piston.  Furthermore,  as  the  room  air  responds  according  to  the  wave 
leaving  the  horn,  much  like  a  Helmholtz  resonator,  additional  pressure  pertur¬ 
bations  follow  the  reflected  wave  into  the  horn. 

PRESSURES  INSIDE  A  ROOM  SUBJECTED  TO  SONIC  BOOMS 

The  pressure  induced  in  a  room  by  a  sonic  boom  incident  on  an  open  window 
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Figure  4.  Overpressure  vs  time  for  varying  simulated  sonic  boom  duration. 
Vertical  scale:  54  (N/m2)/div. 

(a)  t  =  100ms,  time  base  50ms/div;  (b)  t  =  190ms,  lOOms/div;  (c)  t  =  285ms, 
lOOms/div. 

was  investigated  both  analytically  and  experimentally  in  some  detail  (Ref.  17). 
The  room  was  assumed  to  be  a  rigid  enclosure  of  volume  V  having  a  window  with 
an  opening  of  area  A.  It  was  found  that  the  low  frequency  components  of  the 
sonic  boom  which  contain  most  of  the  acoustic  energy  dominate  the  interior 
pressure  profile.  Based  on  a  Fourier  transform  analysis  it  was  proved  that 
the  frequency  components  from  0  up  to  (30/2itt)  Hz  contain  94%  of  the  total 
energy  of  an  N-wave.  Although  the  high-frequency  components  of  the  sonic  boom 
are  of  importance  in  the  study  of  "startle  effects"  in  humans  and  animals,  they 
are  unimportant  for  structural  response.  The  different  types  of  energy  dissip¬ 
ation  associated  with  the  window,  the  air,  the  structure  and  the  absorbing 
surfaces  of  the  room  were  taken  into  account.  It  was  found  that  the  system  can 
be  represented  by  a  second  order  differential  equation  given  by 


where  pr  is  the  room  pressure  and  T  is  the  normalized  time  (T  =  t/x).  There¬ 
fore,  the  room  pressure  is  governed  by  two  parameters:  the  damping  ratio  c  and 
the  period  ratio  x  (=  x/tn  where  tn  is  the  natural  period  of  the  system) .  Both 
the  damping  ratio  and  the  period  ratio  were  related  to  the  physical  properties 
of  the  system  such  as  the  room  volume  V,  window  area  A,  and  the  average  absorp¬ 
tion  coefficient  of  all  surfaces  of  the  room  am.  The  analysis  showed  that  the 
system  should  be  frequency  dependent.  Therefore,  an  analytical  method  based  on 
a  Fourier  transform  was  developed  to  find  the  pressure-time  histories  of  the 
room.  The  room  pressure  has  the  appearance  of  a  damped  sine  wave  and  decays 
rapidly  as  the  damping  increases  (higher  value  of  am»  smaller  room  volume  or 
window  area).  For  a  lightly  damped  system  (am  =  0),  the  room  overpressures 
were  found  to  be  twice  as  great  as  that  in  the  incident  sonic  boom  when  the 
natural  period  of  the  system  and  the  duration  of  the  N-wave  are  equal. 

The  concept  of  a  Helmholtz  resonator  was  confirmed  experimentally  by 
showing  the  room  pressure  was  nearly  uniform  everywhere.  Figure  5  shows  the 
pressure  signatures  measured  at  three  different  positions  in  the  room.  It  can 
be  seen  that  the  three  signatures  are  almost  identical. 

Sonic  booms  of  the  type  shown  in  Figure  4  served  as  incident  waves.  Five 
window  sizes  ranging  from  0.09m2  to  0.93m2  were  investigated.  Figure  6  illus¬ 
trates  the  pressure-time  history  for  a  0.9m  x  0.3m  opening  subjected  to  inci¬ 
dent  waves  of  100,  190  and  285ras  duration.  Comparisons  between  the  predicted 
and  measured  pressures  for  various  window  sizes  are  shown  in  Figure  7.  Satis¬ 
factory  agreement  between  analysis  and  experiment  was  obtained  in  terms  of 
signature  form,  phase  and  amplitude.  The  predicted  pressure  oscillations 
appear  to  decay  faster  and  have  lower  amplitudes  than  the  experimental  values 
owing  to  the  omission  in  the  analysis  of  the  perturbations  following  the  N-wave. 
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Figure  5.  Room  overpressure  vs  time  for  varying  interior  locations,  t  =  190ms, 
window  0.3m  x  0.3m,  vertical  scale  54  (N/m2)/div,  time  base  100  ms/div. 

(a)  At  the  centre  of  the  room;  (b)  at  the  centre  of  rear  wall;  (c)  at  the 
centre  of  side  wall. 
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Figure  6.  Overpressure  vs  time  at  centre  of  room  for  various  simulated  sonic 
booms.  Window  0.9m  x  0.3ra,  vertical  scale_54  (N/m2)/div,  time  base  lOOms/div. 
(a)  t  =  100ms  (t  =  0.76);  (b)  t  =  190ms  (i  =  1.45);  (c)  t  =  285ms  (t  =  2.18). 
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Figure  7.  Comparison  of  predicted  and  measured  pressures  inside  room  for 
various  window  sizes,  t  ■  100ms;  — — —  experiment,  —  —  —  theory.  Window 
sizes:  (a)  0.3m  x  0,3m;  (b)  0.9m  x  0.3m;  (c)  0.6m  x  0,6m;  (d)  0.9m  x  0.6m; 

(e)  1,5m  x  0.6m. 
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DYNAMIC  RESPONSE  OF  A  PLASTER-WOOD  WALL  TO  SONIC  BOOMS 

The  test  room  is  linked  to  the  horn  interior  by  a  cutout  as  shown  in 
Figure  3.  The  inner  surfaces  of  the  walls  and  the  ceiling  of  this  room  are 
made  of  plaster  while  their  outer  surfaces  are  made  of  1.0cm  thick  plywood 
nailed  to  wooden  framing  joists  (8.9cm  x  3.5cm)  for  the  walls  and  (19.5cm  x 
3.8cm)  for  the  ceiling.  The  distance  between  centrelines  of  two  consecutive 
joists  is  40.0cm.  The  room  has  a  light-weight  wooden  door  which  was  kept 
closed  throughout  the  experiments.  The  wall  facing  the  opening  was  chosen 
for  the  structural  response  study.  Figure  8(a)  shows  a  schematic  diagram  of 
this  wall  and  the  locations  where  1.27cm  strain  gauges  were  mounted.  Figure 
8(b)  illustrates  the  various  materials  forming  the  wall  cross-section. 
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Figure  8(a).  Schematic  diagram  of  Figure  8(b).  Cross-section  of  the 
the  plaster-wood  wall  indicating  plaster-wood  wall, 

the  positions  of  strain  gauges. 


The  elastic  constants,  such  as  modulus  of  elasticity  and  Poisson's  ratio 
for  each  material,  were  determined  experimentally  with  the  use  of  strain  gauges 
installed  on  a  cantilever  beam  specimen  deflected  by  a  tip  load.  The  stress 
generated  at  the  mounting  point  of  the  gauge  may  be  calculated  by  simple  beam 
theory.  The  plaster  was  considered  an  isotropic  material  while  the  plywood 
and  the  wooden  joists  were  assumed  to  be  orthotropic  and  hence  the  elastic 
constants  were  determined  both  parallel  and  perpendicular  to  the  fibres.  The 
structural  damping  of  the  wall  was  estimated  by  exciting  the  natural  modes  of 
the  wall  using  a  loudspeaker  and  measuiing  the  resulting  steady-state  strains. 

Two  different  methods  of  analysis  were  adopted.  In  the  first  method,  the 
deflections  were  expressed  by  a  double  trigonometric  function  series  in  space 
variables  (X,Y)  and  generalized  coordinates  as  function  of  time.  In  the  second 
method,  the  finite-element  technique  was  used  to  predict  the  dynamic  response. 
Lagrange's  equations  were  then  used  to  develop  the  following  equation  of  motion 
in  a  matrix  form 

[M]  {0}+  [C]  {  [K]{q}  =  (F)  (2) 


where  [M],  [C]  and  [K]  are  the  mass,  damping  and  stiffness  matrices,  respec¬ 
tively.  They  were  evaluated  using  the  density,  dimensions  and  elastic  con¬ 
stants  for  each  individual  material  as  well  as  the  damping  constant  of  the 
wall.  The  load  vector  {F}  was  derived  from  the  external  work  done  by  the  room 
pressure  applied  on  the  wa1 1,  and  the  unknown  vector  (q)  represents  the  general¬ 
ized  coordinates.  Solving  Eq.  (2)  gives  the  natural  frequencies  and  deflec¬ 
tions  of  the  wall  and  hence  the  strains  €  and  the  stresses  o  can  be  determined. 

A  series  of  tests  was  conducted  to  verify  the  analysis.  Strains  in  both 
the  X  and  Y  directions  were  measured  at  the  locations  indicated  in  Figure  8(a). 
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A  sample  of  the  measured  room  pressures  (the  upper  traces)  and  the  correspond¬ 
ing  measured  strains  €yy  (the  lower  traces)  is  illustrated  in  Figure  9.  It 
can  be  seen  that  both  room  pressure  and  strain  have  the  same  appearance  of  a 
damped  sine  wave  and  their  amplitudes  increase  as  the  window  size  increases. 
Note  that  the  strain  signals  were  inverted  to  show  the  correspondence  between 
them  and  the  loading-pressure  signals. 


(o)  <b)  (c) 


Figure  9.  Room  overpressure  and  strains  at  the  centre  of  the  wall  vs  time  for 
varying  window  sizes;  time  base  lOOms/div,  upper  traces  (150  N/m2)/div,  lower 
traces  (10  ym/m)/div. 

(a)  Window  0.37m2;  (b)  window  0.56m2;  (c)  window  0.93m2. 

While  the  largest  strains  were  measured  at  the  centre  of  the  wall,  very 
small  strains  were  obtained  along  the  wall  edges.  This  justifies  the  assump¬ 
tion  of  considering  the  wall  as  a  simply- supported  plate.  Due  to  the  double 
symmetry  of  the  wall,  the  measured  strains  at  (b)  and  (c)  are  similar  to  those 
at  (d)  and  (e) ,  respectively.  Strains  in  the  horizontal  direction  exx  we*e 
found  both  analytically  and  experimentally  to  be  very  small  all  over  the  plas¬ 
ter  surface.  The  agreement  between  the  measured  and  predicted  strains  at 
various  locations  for  different  window  sizes  is  very  satisfactory  as  shown  in 
Figure  10. 


«Yy 


WINDOW  AREA  *Q  93  m* 


Figure  10.  Comparison  between  predicted  and  measured  strains  in  different 

locations  for  various  window  sizes,  t  =  100ms,  - experiment, - theory, 

time  base  50ms/div. 
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Since  the  primary  interest  of  this  work  was  to  study  the  possibility  of 
damage  in  such  a  plaster-wood  construction  due  to  sonic-boom  loadings,  stresses 
were  evaluated  along  the  thickness  of  the  wall.  Figure  11  shows  the  resulting 
strains  and  stresses  in  both  the  X  and  Y  directions,  calculated  at  the  centre 
of  the  wall  where  the  largest  stresses  were  found.  It  should  be  mentioned  that 
the  N-wave  duration  and  window  size  were  chosen  in  order  to  achieve  a  resonance 
condition  for  the  room  as  an  acoustic  system.  Consequently,  higher  loadings 
can  be  provided.  Due  to  the  compatibility  of  the  deflections,  the  strains  are 
continuous  throughout  the  thickness  of  the  wall,  unlike  the  stresses  which  have 
different  values  at  the  interface  between  the  materials  due  to  the  change  in 
elastic  constants. 


Figure  11.  Strains  and  stresses 
calculated  at  the  centre  of  the 
wall  throughout  the  thickness. 
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Although  the  situation  considered  herein  is  critical  since  the  room  is 
acoustically  at  resonance,  the  stresses  produced  due  to  an  N-wave  having  an 
overpressure  of  ISO  N/m2  amount  to  only  7%  of  the  yield  stress  of  the  plaster. 
Therefore,  one  can  conclude  that  no  damage  is  expected  for  such  structures 
under  these  loadings. 

DYNAMIC  RESPONSE  OF  A  CRACKED  PLASTER-WOOD  WALL  TO  SONIC  BOOMS 

In  many  cases,  structural  failures  under  loading  conditions  are  frequently 
attributed  to  the  growth  of  cracks.  During  the  past  two  decades,  several  in¬ 
vestigators  have  given  their  attention  to  predicting  accurately  the  stresses 
in  the  immediate  neighbourhood  of  the  crack  tip,  as  the  fracture  of  a  structure 
is  mainly  governed  by  this  stress  field.  Williams  (Ref.  18)  has  shown  that  the 
stresses  near  the  crack  tip  tend  to  infinity  in  a  way  which  is  proportional  to 
the  reciprocal  of  the  square  root  of  the  distance  from  the  crack  tip.  The 
strength  of  the  singularity,  which  is  referred  to  as  the  stress  intensity  fac¬ 
tor,  depends  on  the  magnitude  of  the  loading  forces  and  the  configuration  of 
the  structure  including  the  crack  size.  For  complicated  structures  and 
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loadings  such  as  a  plaster-wood  wall  under  sonic-boom  loading,  no  analytical 
solutions  are  available  owing  to  the  inherent  difficulties  in  evaluating  the 
crack  tip  stresses.  Therefore,  numerical  methods,  such  as  the  finite-element 
technique,  are  appropriate  in  such  cases.  The  details  of  the  analysis  and  the 
results  will  be  published  elsewhere  (Ref.  19). 

A  horizontal  crack  of  19cm  length  was  artificially  introduced  in  the  plas¬ 
ter.  Strain  gauges  were  then  mounted  in  the  immediate  vicinity  of  the  crack 
tip  along  the  crack  direction.  Figure  12  shows  the  room  pressure  as  well  as 
the  strains  measured  at  the  centre  of  the  wall  and  also  at  distances  of  0.6cm, 
1.25cm  and  2.9cm  from  the  crack  tip.  The  size  of  the  window  in  this  experi¬ 
ment  was  0.93m2  and  subjected  to  an  N-wave  having  a  duration  of  100ms.  The 
room  pressure  and  strains  have  a  similar  signature  form.  However,  strains 
measured  near  the  crack  tip  are  about  nine-fold  larger  in  magnitude  than  those 
measured  at  the  centre  of  the  wall.  [Note  that  the  largest  strain  of  the  un¬ 
cracked  wall  was  measured  at  the  centre  of  the  wall  and  there  was  no  signifi¬ 
cant  change  in  the  strain  at  (a)  after  introducing  the  crack.]  It  can  also  be 
seen  that  the  strains  decrease  rapidly  as  the  distance  from  the  crack  tip 
increases.  Using  these  measured  results,  the  stress  intensity  factor  was  com¬ 
puted.  Subsequently,  an  experiment  was  conducted  to  estimate  the  critical 
stress-intensity  factor  for  the  plaster  at  which  a  crack  starts  growing  by 
applying  a  pure  cylindrical  bending  moment  to  a  square  plate  of  plaster.  Using 
this  value  of  the  critical  stress-intensity  factor,  it  was  concluded  that  this 
type  of  cracked  plaster-wood  wall  could  withstand  an  N-wave  having  an  over¬ 
pressure  up  to  400  N/m2  without  crack  propagation.  The  work  in  this  area  is 
being  continued  and  extended  to  investigate  various  crack  situations  and  sonic- 
boom  loading  conditions. 

CONCLUSIONS 

The  response  of  a  room  of  plaster-wood  construction  with  an  open  window 
subjected  to  sonic-boom  loading  was  investigated.  The  N-wave  pressure  signa¬ 
tures  were  generated  in  the  UTIAS  Travelling-Wave,  Horn-Type,  Sonic-Boom  Simul- 


Figure  12.  Time  histories  of 
room  pressure  and  corresponding 
strains  measured  at  the  centre 
of  the  wall  and  in  vicinity  of 
crack  tip.  Window  size  0.93m2, 
x  =  100ms,  time  base  lOOms/div. 
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ator.  It  was  observed  that  if  the  dimensions  of  the  room  are  small  in  compari¬ 
son  to  the  wavelength  of  the  sonic  boom,  then  the  room  acts  as  a  Helmholtz 
resonator  since  the  low-frequency  components  of  the  sonic  boom  contain  most  of 
the  acoustic  energy.  This  was  confirmed  experimentally  by  showing  that  the 
room  pressure  was  nearly  uniform  everywhere.  The  room  overpressures  in  some 
cases  were  found  to  be  twice  as  large  as  those  in  the  incident  sonic  boom. 

The  pressure-time  histories  of  the  room  were  predicted  using  a  Fourier  trans¬ 
form  method  and  the  results  were  found  to  be  in  good  agreement  with  test  data. 

The  structural  response  of  the  room  walls,  due  to  the  pressure  loading, 
was  predicted  analytically  using  a  series  solution  for  the  deflection  as  well 
as  using  a  finite-element  technique.  The  agreement  between  analysis  and  ex¬ 
periment  was  very  satisfactory  for  the  range  of  sonic-boom  durations,  room 
volumes,  window  areas  and  wall  absorptivity  investigated.  In  general,  it  was 
found  that  the  stresses  produced  in  the  wall  were  very  small  (within  7%  of  the 
yield  stress  of  the  plaster). 

After  introducing  a  wall  crack,  strains  at  the  centre  of  the  wall  were  not 
observed  to  change  significantly.  However,  strains  measured  in  the  vicinity  of 
the  crack  tip  increased  as  expected  about  nine-fold  compared  to  those  measured 
at  the  centre  of  the  wall.  These  strains  showed  the  tendency  to  be  proportion¬ 
al  to  the  reciprocal  of  the  square  root  of  the  distance  from  the  crack  tip.  It 
was  found  that  such  a  type  of  cracked  plaster-wood  wall  would  withstand  a  sonic 
boom  having  an  overpressure  up  to  400  N/m2  without  crack  propagation.  It  is 
worth  mentioning  that  this  value  is  about  four  times  the  overpressure  produced 
by  current  supersonic  transports  under  normal  conditions.  It  should  not  be 
inferred  from  this  result  that  so-called  superbooms  or  spiked  booms  would  cause 
crack  propagation.  As  noted,  most  of  the  energy  is  in  the  low-frequency  range 
and  the  spikes  would  add  very  little  energy  to  the  total.  Consequently,  the 
entire  boom  would  have  to  contain  the  energy  found  in  a  400  N/m2  normal  N-wave, 
which  is  usually  not  encountered,  before  crack  propagation  would  occur. 
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This  work  contains  the  results  of  a  study  aimed  at  the 
development  of  two-  and  three-dimensional  numerical  proce¬ 
dures  for  computing  the  flowfield  generated  by  the  inter¬ 
action  of  a  blast  wave  and  a  rigid  body.  A  number  of  numer¬ 
ical  procedures  were  applied  to  two-dimensional  problems 
including  both  implicit  and  explicit  algorithms.  Each  was 
tried  on  the  blast  wave-cylinder  interaction  problem. 

MacCormack's  method  with  added  fourth-order  dissipation 
yielded  the  best  results  and  was  then  applied  to  the  blast 
wave-truck  interaction  problems  in  two  dimensions. 

MacCormack's  method  was  also  used  in  three  dimensions  to 
determine  the  flowfield  that  results  when  a  blast  wave 
strikes  a  rectangular  parallelepiped  at  an  arbitrary 
angle.  Both  the  two-  and  three-dimensional  computations 
were  compared  with  experiments  in  a  number  of  ways.  Two 
dimensional  density  contours  show  qualitative  agreement 
for  shock  front  location  and  Mach  stem  formation  with 
spark  shadowgraphs  taken  in  a  shock  tube. ^Pressure-time 
histories  indicate  good  quantitative  agreement  between 
theory  and  experiment  both  in  two-  and  three-dimensions. 

INTRODUCTION 

The  accurate  prediction  of  the  effects  of  blast  waves  encountering  vehicles 
and  structures  is  essential  in  the  design,  survivability,  and  hence  effective¬ 
ness  of  these  configurations.  Detailed  experimental  blast  wave  interaction 
data  is  both  costly  and  difficult  to  obtain.  Moreover,  these  experiments 
frequently  do  not  provide  a  complete  picture  of  the  blast  wave  interaction  flow- 
field.  Actual  experiments,  in  fact,  only  yield  pressure  data  at  a  few  selected 
points  on  the  models.  As  a  consequence  essential  design  parameters  are  often 
difficult  to  define. 

Design  information  for  the  kind  of  blast  wave-vehicle  encounter  as  pictured 
in  Fig.  1  may  be  obtained  experimentally  in  several  ways.  In  one  approach  a 
large  explosive  charge  is  detonated  near  an  instrumented  vehicle  or  structure 
enabling  direct  measurements  to  be  taken.  This  approach,  while  realistic,  is 
costly,  results  in  few  data  points,  and  frequently  provides  little  understanding 
of  the  important  flowfield  phenomena.  Another  approach  is  to  place  a  model  of 
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the  target  inside  a  shock  tube.  In  this  case,  better  control  can  be  provided 
and  the  experimental  cost  is  less.  Nevertheless,  the  experiments  are  still 
limited  in  their  range  of  applicability  as  a  result  of  scaling,  shock  tube  wall 
effects,  realistic  wave  shapes  and  flow  duration. 

As  an  alternative  to  the  experimental  description  of  the  blast  wave  inter¬ 
action  phenomenon,  one  can  use  computational  fluid  dynamics.  This  is  the 
approach  adopted  here.  Accurate  finite  difference  simulations  offer  the  possi¬ 
bility  of  providing  design  data  at  a  relatively  low  cost.  Such  a  simulation 
provides  a  complete  flowfield  description  that  is  essential  to  a  fundamental 
understanding  of  the  fluid  mechanics  and  a  necessity  for  an  effective  structural 
design.  The  numerically  generated  flowfield  data  can  then  be  integrated  to 
yield  other  vital  information  such  as  the  total  loads,  center  of  pressure,  and 
overturning  moments. 

In  the  past  second-order  finite-difference  procedures  have  been  used  by 
Kutler,  et  al.  (See  References  1  and  2)  to  solve  simple  shock-diffraction 
problems  involving  both  regular  and  Mach  reflections  of  the  incident  shock.  In 
these  cases  all  discontinuities  were  fit,  i.e.,  treated  as  sharp  discontinuities. 
Blast  wave  encounter  problems  with  two-dimensional  wedges  and  three-dimensional 
cones  in  supersonic  flight  have  been  solved  by  Kutler,  et  al.  (See  References  3 
and  4)  again  using  second-order  finite-difference  procedures.  In  these  instances 
a  "shock-capturing"  philosophy  was  employed  and  resulted  in  an  accurate  descrip¬ 
tion  of  the  so-called  "shock-on-shock"  problem. 

In  the  present  paper,  these  "shock-capturing"  flowfield  simulation  tech¬ 
niques  have  been  adapted  to  the  blast-wave  interaction  problem.  Only  inviscid 
flow  problems  have  been  considered,  but  both  complex  two-dimensional  and  simple 
three-dimensional  geometric  configurations  have  been  used  as  targets. 

GOVERNING  EQUATIONS 

Several  assumptions  are  made  in  the  present  study  of  blast  wave  encounters 
with  targets.  The  first  is  that  the  blast  wave  is  assumed  to  be  planar  relative 
to  the  target  and  that  conditions  behind  the  wave  can  be  adequately  and  consis¬ 
tently  described.  Secondly,  viscous  effects  are  ignored.  Finally,  any  effects 
which  result  from  radiative  heating  on  the  target  are  assumed  negligible,  and  a 
perfect  gas  equation  of  state  is  employed. 

Under  the  above  assumptions,  the  governing  partial  differential  equations 
are  the  unsteady  Euler  equations.  To  permit  the  mapping  of  two-  or  three- 
dimensional  complicated  physical  regions  into  rectangular  or  cubical  computa¬ 
tional  domains  respectively,  the  following  independent  variable  transformation 
is  employed: 

t  =  t;  5  =  C(t,  x,  y,  z);  n  =  n(t,  x,  y,  z) ;  e  =  c(t,  x,  y,  z)  (1) 

Because  the  above  transformation  maps  the  body  and  outer  boundary  surfaces  onto 
constant  coordinate  lines  and  planes,  application  of  the  boundary  condition 
procedures  is  facilitated.  The  above  transformation  also  permits  the  clustering 
of  grid  points  in  the  vicinity  of  the  body. 

Under  this  transformation,  the  governing  partial  differential  equations  in 
strong  conservation  law  form  become 

q  +  E_  +  F  +  G  =  0 
£  n  C 

where  the  flux  vectors  E,  F,  G  of  Eq.  (2)  assume  the  form 


(2) 
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In  the  conserved  variables  of  Eq.  (2)  p  represents  the  pressure,  0  the 
density,  u,  v,  and  w  the  three  Cartesian  velocity  components,  and  e  the  total 
energy  per  unit  volume.  For  an  ideal  gas,  the  pressure,  density,  and  velocity 
components  are  related  to  the  energy  by  the  following  equation: 


e 


v2  ♦ 


(4) 


The  metrics  required  by  Eq.  (3)  in  general  are  not  known  analytically  and 
must  be  evaluated  numerically.  Details  for  this  procedure  are  given  in 
Reference  5. 


NUMERICAL  ALGORITHMS 


The  transformed  governing  equations  (Eq.  (2))  were  solved  by  both  explicit 
and  implicit  finite-difference  procedures.  These  schemes  included  MacCormack's6 
explicit  method  with  an  additional  fourth-order  dissipation  term.  Beam  and 
Warming's7*8  implicit  method  in  the  delta-form,  and  Steger  and  Warming's9 
explicit  upwind  scheme.  MacCormack's  scheme  captured  the  shock  within  the 
least  number  of  grid  points  and  consumed  the  least  amount  of  machine  time,  and 
therefore,  it  is  the  only  procedure  presented  here.  The  others  can  be  found  in 
Reference  5. 

MacCormack's  method  is  a  second-order,  noncentered  predictor-corrector 
scheme  and  appears  as  follows: 


q  =  q11  -  At (A^En  +  A^f"  +  A?Gn) 

(5) 

qn+1  =  y[q  +  qn  -  At(V?E  +  V^F  +  V^D  +  eDn] 

where  ¥  implies  that  the  flux  vector  E  is  evaluated  using  elements  of  the 
predicted  value  q,  and  A  and  V  are  the  standard  forward  and  backward  difference 
operators.  The  quantity  D  represents  a  fourth-order  dissipation  term  in  all 
three  directions  whose  effect  is  governed  by  the  dissipation  constant  e. 

GRID  GENERATION 

The  generalized  coordinate  transformation  given  by  Eq.  (1)  permits  the  use 
of  grids  based  not  only  on  standard  coordinate  systems  such  as  cylindrical  or 
spherical  but  also  numerically  generated  grids  such  as  those  obtained  by  solving 
elliptic  partial  differential  equations.  In  this  study  both  analytically  and 
numerically  determined  grids  were  used  to  discretize  the  physical  regions  of 
interest . 
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For  two-dimensional  targets  consisting  of  cylinders  and  rectangles,  an 
analytically  described  mesh  based  on  a  cylindrical -like  coordinate  system  is 
employed  (see  Figs.  2a  and  2b).  Points  can  be  clustered  near  the  body  for  better 
resolution  by  using  an  exponential  function. 

In  order  to  discretize  an  arbitrary  two-dimensional  shape  such  as  a  truck 
and  its  surrounding  flowfield,  a  numerically  generated  grid  was  used  (see 
Fig.  2c).  The  partial  differential  equations  used  for  this  process  are  elliptic 
and  satisfy  a  maximum  principle.  The  technique  for  generating  these  grids  was 
obtained  from  R.  L.  Sorenson  at  NASA's  Ames  Research  Center  and  was  a  result  of 
a  paper  by  Steger  and  Sorenson.10  Details  of  the  mesh  generation  procedure  can 
be  found  in  that  paper,  but  suffice  it  to  say  that  the  method  can  treat  arbitrary 
bodies  and  outer  boundaries  with  clustering  near  the  body. 

For  the  three-dimensional  problem,  the  flowfield  resulting  from  the  inter¬ 
action  of  a  blast  wave  and  a  rectangular  parallelepiped  was  desired.  Discreti¬ 
zation  of  this  flowfield  was  accomplished  using  a  spherical -type  grid  as  shown 
in  Fig.  3. 

BOUNDARY  AND  INITIAL  CONDITIONS 

Two  types  of  computational  boundaries  were  considered;  those  across  which 
there  is  no  mass  flow  (impermeable  surfaces)  and  those  across  which  there  is 
mass  flow  (permeable  surfaces).  Impermeable  boundaries  include  solid  walls, 
planes  of  symmetry,  and  slip  surfaces  whereas  permeable  boundaries  include  shock 
waves,  porous  walls,  and  inflow  or  outflow  boundaries. 

In  the  blast  wave  interaction  problems  of  interest  here,  boundary  condition 
procedures  are  required  at  the  body,  the  planes  of  symmetry,  and  along  the  outer 
boundary.  For  inviscid  flows,  the  boundary  condition  at  the  surface  of  a  body 
requires  flow  to  be  tangent  to  the  body.  This  implies  that  the  velocity  compo¬ 
nent  V  of  Eq.  (3)  must  be  equal  to  zero  at  the  body.  In  order  to  simulate  this 
numerically,  the  image  plane  concept  is  used.  By  employing  this  concept,  an 
image  line  of  nodal  points  is  established  which  falls  one  mesh  interval  inside 
of  the  body  (see  Figs.  253).  Flow  variables  along  this  line  are  obtained  by 
use  of  the  flow  variables  at  the  body  and  the  adjacent  flowfield  interior  points, 
both  at  the  previous  time  step.  The  flow  variables  for  the  new  time  step  at  the 
body  can  now  be  obtained  by  the  same  numerical  algorithm  that  was  used  for  the 
interior  points,  and  hence  with  the  use  of  the  implicit  procedure,  the  body 
points  are  also  updated  implicitly.  The  details  of  this  procedure  for  both  the 
two-  and  three-dimensional  cases  are  given  in  Reference  5. 

To  numerically  simulate  the  ground  plane  (plane  of  symmetry)  in  both  the 
two-  and  three-dimensional  problems,  the  reflection  principle  is  employed.  In 
this  approach  the  pressure,  density,  energy,  and  tangential  velocity  components, 
are  treated  as  even  functions  with  respect  to  the  ground  plane  while  the  normal 
velocity  component  is  treated  as  an  odd  function. 

RESULTS  AND  DISCUSSIONS 

In  this  section  numerical  results  are  presented  which  describe  the  inter¬ 
action  of  a  blast  wave  with  a  body.  In  two-dimensions,  a  comprehensive  set  of 
results  is  presented  for  the  blast  wave-cylinder  interaction  while  partial 
results  are  presented  for  the  blast  wave-truck  interaction.  In  three-dimensions 
partial  results  are  also  presented  for  the  blast  wave  parallelepiped  inter¬ 
action  problem. 

Numerical  and  experimental  results  for  the  blast  wave-cylinder  interaction 
problem  are  presented  in  several  ways.  In  Fig.  4a  computed  pressure-time  his¬ 
tories  are  compared  with  experimental  results  obtained  by  Pearson  et  al11  at  the 
Ballistic  Research  Laboratory.  The  inset  in  each  figure  depicts  the  measuring 
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station  of  the  transducer.  The  blast  wave  passes  over  the  cylinder  from  left  to 
right.  In  each  case,  the  smooth  curve  is  the  computed  result  while  the  oscilla¬ 
tory  curve  is  the  measurement.  The  oscillations  represent  excursions  from  true 
values  due  to  transducer  ringing,  local  unsteadiness  due  to  model  oscillations, 
general  flow  anomalies,  etc.  A  sample  of  the  more  interesting  cases  with  signif¬ 
icant  wave  structure  are  shown  (6  =  45°,  135°,  180°).  All  the  locations  (except 
for  180°)  have  a  similar  structure.  A  sharp  rise  in  the  pressure  signifies  the 
arrival  of  the  incident  blast  wave  at  the  measuring  station.  This  is  followed  by 
an  exponential -like  decay  and  a  second,  more  "smeared"  jump  to  a  plateau  value. 
The  delays  from  t  =  0  on  the  abscissa  represent  the  time  before  the  shock  arrived 
at  the  sampling  station.  The  results  can  be  more  fully  explained  with  the  help 
of  Figs.  4b,  computed  isopycnics,  and  4c,  spark  shadowgraphs  (obtained  by 
Vandromme12) .  Interesting  results  develop  as  the  shock  encounters  the  cylinder 
and  passes  over  it.  A  triple  point  and  Mach  Stem  appear  partway  up  the  windward 
side  of  the  cylinder  as  is  clearly  seen  in  both  the  computed  isopycnics  and  the 
shadowgraphs.  The  contact  surface  emanating  from  the  triple  point  (as  seen  in 
Fig.  4c)  is  not  reproduced  in  the  isopycnic  plots  of  4b.  This  is  because  of  in¬ 
adequate  resolution  of  the  computational  grid.  Better  results  would  be  obtained 
with  an  increase  in  the  number  of  grid  points  or  an  adaptive  gridding  scheme. 

As  the  primary  shock  continues  toward  the  rear  of  the  cylinder,  it  eventually 
reflects  and  is  propagated  upstream.  As  this  reflected  shock  arrives  at  a  mea¬ 
suring  station,  it  gives  rise  to  the  second  "smeared"  jump  in  Fig.  4a.  The 
smeared  nature  of  the  jump  is  manifest  in  viscous  effect  near  the  surface  which 
now  begin  to  make  their  effects  felt.  The  discrepancy  in  the  pressure  amplitude 
in  the  bottom  figure  of  4a  and  the  latter  half  of  the  top  two  figures  is  also 
attributable  to  viscous  effects.  These  effects  were  neglected  in  the  computa¬ 
tion. 

The  interaction  of  a  blast  wave  with  a  truck  for  intermediate  times  is 
shown  in  Fig.  5  in  the  form  of  pressure  contours.  For  this  case  the  grid  size 
consisted  of  32  points  in  the  j -direction  (along  the  body)  and  25  points  in  the 
k-direction  (normal  to  the  body).  The  blast  wave  had  a  strength  of  34.5  kPa 
overpressure.  Figure  5a  shows  the  reflected  blast  wave  from  the  front  of  the 
truck  while  Fig.  5b  shows  a  reflected  wave  from  the  windshield.  In  Fig.  5c  the 
blast  wave  is  beginning  to  expand  over  the  cab  of  the  truck  while  the  reflected 
waves  from  the  front  and  windshield  move  away  from  the  vehicle.  This  particular 
calculation  does  demonstrate  the  versatility  of  the  arbitrary  body  mesh  gener¬ 
ator  and  shock -capturing  ability  of  MacCormack's  method  for  computing  compli¬ 
cated  flowfields. 

The  three-dimensional  interaction  of  a  blast-wave  with  a  rectangular  paral¬ 
lelepiped  was  computed  using  MacCormack’s  method  with  fourth-order  smoothing. 

For  this  calculation  the  grid  consisted  of  54  points  in  the  j -direction  or 
around  the  body,  24  points  in  the  k-direction,  and  16  points  in  the  1-direction, 
or  between  the  body  and  the  outer  boundary  (see  Fig.  3). 

Numerical  results  were  obtained  for  which  experimental  data  was  available. 
The  experimental  data  was  obtained  by  placing  pressure  gages  at  various  posi¬ 
tions  on  the  model  and  recording  the  time  histories  of  the  pressure  as  it  was 
struck  by  the  blast  wave  (see  Fig.  3). 

The  initial  conditions  for  this  case  consisted  of  a  blast  wave  Mach  number 

of  1.14,  freestream  pressure  of  101.33  kPa,  and  angle  of  incidence  a  of  52.5°. 

The  distance  r,  from  the  origin  to  the  blast  wave  (see  Fig.  3)  was  4.91. 
bw. 


z. 
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The  results  of  this  first  calculation  are  shown  in  Fig.  6  where  the  pressure 
in  kilo-Pascals  is  plotted  as  a  function  of  time  in  milliseconds  for  three  sta¬ 
tions.  The  solid  dots  shown  on  each  of  the  curves  in  Fig.  6  is  the  experimental 
data.  The  agreement  is  acceptable  and  can  be  made  much  better  with  better  grid 
resolution . 
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Figure  1.  Blast  Wave-Vehicle  Interaction  Problem 


a-  CYLINDRICAL  BODY  AND 
DUTCH  BOUNDARY 
I  ANALYTIC  MESH, 


RECTANGULAR  BOOY  AND 
OUTER  BOUNDARY 
(ANALYTIC  MESH) 


ARBITRARY  BODY  AND 
OUTER  BOUNDARY 
(NUMERICAL  MESH) 


Figure  *.  Description  of  Grids  Used  In  Two-Dimensional  Problem 


Figure  3.  Description  of  Grid  Used  In  Three-Dimensional  Problem 
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SIMULATION  OF  BLAST  FIELDS  BY  HYDRAULIC  ANALOGY 


J.L.  Stollery,  K.C.  Phan  and  K.P.  Garry 

College  of  Aeronautics 

Cranfield  Institute  of  Technology 
Cranfield,  Bedford,  England. 

The  blast  wave  emanating  from  the  rear  of  most 
shoulder-launched  recoilless  weapons  can  be 
literally  deafening.  To  reduce  the  blast  over¬ 
pressure  a  number  of  different  silencers  have  been 
proposed.  The  cost  of  field  trials  on  the  actual 
weapon  is  considerable  so  the  hydraulic  analogy 
has  been  used  to  investigate  over  70  configur¬ 
ations,  and  to  try  to  understand  the  various 
mechanisms  that  reduce  the  overpressure  at  the 
relevant  'ear  position’.  Measurement?  have  also 
been  made  using  a  1-J-11— diani'ert'erH^  32mm;$  air-driven, 
open-ended  shock-tube  fitted  with  a  variety  of 
silencers  and  exhausting  into  the  atmosphere. 

Comparisons  have  been  made  between  the  two- 
dimensional  hydraulic  analogy  and  the  three- 
dimensional  shock  tube  results  in  order  to  check 
the  validity  and  utility  of  the  analogy.  The 
hydraulic  analogy  has  also  been  used  to  simulate 
the  effects  of  one  or  more  reflecting  surfaces 
when  firing  recoilless  weapons  in  rooms,  streets 
and  passageways  .-j — As  might  be  expected  the 
position  of  any  reflecting  walls  is  critical  and 
can  sometimes  greatly  magnify  the  peak  over¬ 
pressure  experienced  by  the  operator. 

INTRODUCTION 

The  objective  of  our  study  is  to  suggest  practical  means  of 
reducing  the  blast  wave  noise  emanating  from  the  rear  of  shoulder- 
launched  weapons.  The  real  flow  has  not  been  duplicated  but 
instead  two  separate  simulation  techniques  have  been  adopted.  In 
the  first  of  these  the  water  analogy  was  used  to  obtain  a 
qualitative  assessment  of  over  70  different  silencer  configur¬ 
ations.  By  measuring  the  water  wave  signatures  the  relative 
noise  levels  at  the  gunner's  ear  position  could  be  estimated  and 
the  most  effective  silencers  selected. 

Although  the  water  table  provides  a  quick,  simple  inexpensive 
facility  for  preliminary  assessment  the  analogy  to  gas  flow  is 
not  exact.  Moreover  the  gas  flow  we  wish  to  study  here  is  three- 
dimensional  whereas  the  water  table  only  simulated  two-dimensional 
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conditions.  Hence  the  hydraulic  tests  were  supplemented  by 
firings  of  an  open-ended  shock  tube,  with  and  without  some  of  the 
most  promising  silencer  shapes  as  found  from  the  water-table. 

Thus  the  work  falls  naturally  into  the  two  separate  but  inter¬ 
related  programmes  described  below. 

NOTATION 

c  caliber,  i.e.  diameter  of  shock  tube  or  width  of  the  channel 

d  local  water  depth 

d  undisturbed  water  level 

o 

N  sound  pressure  level 

P  pressure 

PQ  atmospheric  pressure 

AP  (P  -  P.) 

u  -  5  _  o 

P  o  acoustic  reference  pressure,  2  x  10  Nn  *■ 
ref 

x  distance  downstream  of  the  mouth  or  exit 

X  x/c 

y  ratio  of  the  specific  heats  of  a  gas 

THE  WATER  TABLE  PROGRAMME 

The  ’wave  generator’  was  held  down  on  the  9’  x  A’  (2.7m x  1.2m) 
water  table  from  above.  The  ’gun’  was  simulated  by  a  12"  (30cm) 
long  channel  1.2"  wide  (3cm)  divided  by  a  spring-loaded  sluice 
gate  into  a  ’high  pressure’  and  ’low  pressure’  region.  The  table 
was  filled  to  the  optimum  depth  of  C.19"  (0.48cm)  at  which  level 
the  wave  propagation  velocity  is  least  dependent  on  wavelength 
(Ref.l).  The  reservoir  behind  the  sluice  gate  was  normally  filled 
to  a  height  of  0.63"  (1.6cm).  Sudden  release  of  the  gate 
generated  an  hydraulic  jump  analogous  to  the  blast  wave  from  the 
rear  of  a  shoulder- launched  weapon.  The  water  wave  propagated 
down  the  channel,  through  any  silencer,  and  then  diffused  from 
the  mouth  of  the  channel,  out  over  the  bed  of  the  water  table. 

The  wave  signature  at  any  station  was  measured  using  a  Wayne 
Kerr  capacitance  proximity  probe  and  the  signals  were  recorded 
using  a  U.V.  recorder.  Full  details  of  the  facility,  equipment, 
calibration  and  measuring  techniques  are  all  given  in  Ref. 2. 

A  large  number  of  silencers  were  tested,  all  manufactured 
from  the  same  thickness  of  ’Perspex’  sheet  as  the  main  channel 
(0.08",  2mm).  The  silencers  tried  fell  into  8  categories, 
namely  extensions,  baffles,  flares,  shields,  perforations,  cups, 
boxes  and  snouts.  There  are  of  course  an  enormous  number  of 
combinations  of  these  types  which  are  possible  and  many  of  these 
were  tried.  Some  of  the  combinations  tested  are  shown  in  Fig.l. 

The  wave  signature  was  usually  measured  at  each  of  132  grid 
stations,  paying  particular  attention  to  the  point  B5  which  is 
approximately  the  position  of  the  gunner's  ear.  From  the 
signature  the  maximum  wave  height  was  measured,  converted  into  a 
maximum  pressure  using  the  water  to  gas  analogy  relationship 

(d/dQ)2  =  (P/PQ) 
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and  this  in  turn  was  converted  to  the  noise  level  in  decibels 
using  the  formula 


N(dB) 
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where  N  is  the  sound  pressure  level.  From  the  grid  measurements 
noise  contours  were  constructed. 

Considering  just  peak  measurements  at  the  B5  station,  the 
basic  tube  (no  silencer)  produced  a  wave  corresponding  to  171dB. 

A  straight  extension  to  the  basic  tube  of  two  and  four  calibers 
reduced  this  noise  level  to  168  and  l66dB  respectively.  Such  a 
reduction  is  to  be  expected  since  effectively  the  ear  is  being 
placed  further  from  the  source  of  the  blast  wave  (i.e.  the  end 
of  the  tube)  and  the  blast  wave  must  decay  with  distance.  The 
effect  of  perforating  the  basic  tube  was  less  obvious.  It  had 
been  thought  that  perforations  might  break  up  the  single  blast 
wave  into  a  series  of  smaller,  weaker  waves  reaching  the  ear  over 
a  longer  period.  In  this  way  the  noise  might  be  'smeared  out' 
and  its  intensity  reduced.  The  actual  effect  was  entirely  the 
opposite.  The  perforations  effectively  placed  the  blast  wave 
closer  to  the  ear  and  the  more  of  the  tube  that  was  perforated 
the  greater  was  the  noise  level.  Perforating  a  length  of  just 
one  caliber  raised  the  noise  level  by  5dBs . 

Flaring  the  end  of  the  tube  had  little  effect  out  a  slight 
contraction  (negative  flare)  gave  a  ldB  noise  reduction.  Shields 
were  only  effective  when  increasing  the  overall  length  of  the 
tube  and  then  no  better  than  a  straight  extension.  Isolated 
baffles  were  only  marginally  beneficial.  The  first  significant 
noise  reductions  were  obtained  using  cups  and  boxes.  Replacing 
the  last  two  calibers  of  channel  length  by  a  box  3c  wide,  gave 
a  5dB  reduction  and  further  benefits  were  obtained  by  increasing 
the  overall  length  (i.e.  adding  the  box  to  the  end  of  the  'basic 
tube').  Some  of  the  best  configurations  are  shown  in  Fig. 2  where 
an  overall  increase  in  length  of  3  calibers  has  been  accepted. 

The  greatest  reduction  in  maximum  noise  level  (around  12dB, 
see  Fig.2f)  was  achieved  using  a  large  box  enclosing  a  partly 
perforated  tube  plus  a  snout.  This  compares  with  a  reduction  of 
5dB  achieved  from  a  simple  3  caliber  extension  of  the  basic  tube 
(Fig. 2b). 

For  a  number  of  configurations  the  complete  noise  field  was 
plotted  in  the  form  of  'isobars'  based  on  the  maximum  values  of 
wave  height  measured  at  any  station.  Fig. 3a  shows  that  for  the 
basic  (unsilenced)  tube  the  emerging  blast  wave  acts  like  a 
cylindrical  source  moving  away  from  the  mouth  of  the  tube. 

Fig. 3b  shows  comparable  measurements  in  air  using  a  large  shock 
tube  (Ref. 5).  The  similarities  are  obvious  though  the  air  data 
are  three-dimensional  and  hence  the  'noise'  decays  more  rapidly. 

Fig. 4  is  a  plot  of  the  water  table  'noise'  contours  around 
one  of  the  most  successful  silencer  configurations.  Comparison 
with  Fig. 3a  shows  that  the  wave  emerging  from  the  end  of  the 
tube  is  considerably  reduced  in  strength.  The  subsequent  isobar 
patterns  are  similar  though  some  shielding  is  provided  by  the 
external  shape  of  the  silencer  box. 
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In  an  attempt  to  understand  the  way  in  which  the  silencers 
reduced  the  wave  strength  a  number  of  shadowgraph  pictures  were 
taken.  The  pictures  are  not  as  clear  as  we  should  like  because 

(a)  the  'Perspex'  walls  of  the  tube  do  not  show  up  well  and 

(b)  there  are  a  number  of  capillary  waves  which  tend  to  confuse 
and  complicate  the  pattern.  Nevertheless  the  spread  of  the 
'blast  wave'  and  the  formation  of  the  vortices  at  the  mouth  of 
the  tube  are  made  clearly  visible,  as  is  the  very  complex  nature 
of  the  flow  development  within  the  silencers.  Many  of  the 
pictures  are  given  in  Ref. 8. 

The  last  part  of  the  water  table  programme  simulated  the 
effect  of  firing  a  weapon  in  a  confined  space.  It  is  of  course 
extremely  simple  to  place  walls  of  any  number  and  shape  on  the 
table.  Fig. 5  shows  the  'pressure'  trace  at  the  gunner's  station 
when  firing  from  a  room  with  and  without  a  front  wall. 

Comparison  with  the  unconfined  trace  shows  clearly  the  effect  of 
the  reflected  waves  from  the  walls.  Depending  on  the  geometry 
it  is  quite  possible  for  two  or  more  reflected  waves  to  coalesce 
to  produce  noise  levels  considerably  more  intense  than  that 
produced  by  the  initial  blast  wave.  For  example  the  third  peak 
in  Fig. 5a  is  more  than  double  that  of  the  first.  Removal  of  the 
front  wall  (Fig. 5b)  makes  the  first  and  third  peak  levels  roughly 
equal  but  introduces  a  large  negative  pressure  level.  From  the 
times  of  the  peaks,  the  known  geometry  and  wave  speed  plus  a 
visual  watch  of  the  water  table  flow  pattern  it  was  easy  to 
confirm  that  the  peaks  do  refer  to  reflections  of  the  initial 
blast  wave  from  the  various  walls. 

The  utility  of  the  water  analogy  is  ultimately  dependent  on 
its  ability  to  predict  what  happens  in  the  real  situation.  One 
of  the  reasons  for  making  water  table  measurements  was  to  test 
computer  programs  for  two-dimensional  unsteady  flow  of  the 
analogous  gas  with  y  =  2.  Details  of  these  calculations  are 
given  in  Ref. 3.  Experimentally  we  are  stretching  (perhaps  over¬ 
stretching)  the  analogy  and  hoping  to  find  useful  silencer  con¬ 
figurations  for  three-dimensional  blast  waves  in  air  from  two- 
dimensional  flows  on  a  water  table  though  similar  work  elsewhere 
(Ref. 4)  has  proved  very  helpful.  In  order  to  assess  the  utility 
of  the  analogy  more  clearly, a  complementary  programme  of 
measurements  in  air  was  undertaken. 

THE  SHOCK  TUBE  PROGRAMME 

A  simple  32mm  diameter  open-ended  shock  tube  has  been 
modified  to  take  a  number  of  silencers.  Pressure  measurements 
are  made  using  a  number  of  'Kulite'  and  'Endevco'  piezo- 
resistive  transducers  built  into  slender  'lollipop'  mountings. 

The  pressure  signature  is  stored  digitally  then  displayed 
graphically  using  a  pen  recorder.  Typical  pressure  records  at 
the  gunner's  station  with  and  without  a  silencer  are  shown  in 
Fig. 6.  The  pressure  records  at  all  other  stations  are  similar, 
except  within  a  conical  zone  of  15°  semi-angle  surrounding  the 
axis  of  the  shock  tube  with  the  origin  at  the  mouth.  In  this 
region  the  first  pressure  peak  is  followed  a  little  later  by  a 
second,  larger  one  which  in  turn  is  followed  immediately  by  an 
even  larger  negative  pressure  pulse.  These  effects  are 
thought  to  be  due  to  jet  impingement  on  the  transducer  and  its 
stand  and  are  subject  to  further  investigation.  In  plotting 
Fig. 7,  only  the  first  pressure  peak  measured  along  the  centreline 
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has  been  used  in  the  comparison  with  data  from  the  water  table 
and  from  other  shock  tubes  (Refs. 5  and  6)  and  from  a  small  rocket 
motor  rig  (Ref. 7).  It  is  obvious  that  no  simple  scaling  of  the 
type 


is  capable  of  correlating  the  data.  A  more  useful  characteristic 
length  may  be  the  size  of  the  'shock  bottle'  or  other  jet 
dimension . 

All  the  measurements  were  made  when  driving  the  shock  tube 
with  air  at  a  gauge  pressure  of  80  psi.  The  diaphragm  pressure 
ratio  was  therefore  6.4  which  theoretically  should  generace  a 
shock  Mach  number  of  1.47  with  a  pressure  behind  the  shock  of 
34  psia.  The  pressure  actually  measured  just  inside  the  mouth  of 
the  tube  by  a  wall  mounted  transducer  was  32  psia. 

A  number  of  silencers  have  been  tested  and  overpressures 
measured  at  the  gunner's  station.  The  reduction  in  noise  level 
is  listed  in  Table  1  which  also  gives  the  water  table  results. 

The  agreement  in  the  order  of  effectiveness  is  striking.  It 
would  appear  that  the  relative  merits  of  the  various  silencers,  as 
indicated  by  the  water  table  tests,  are  confirmed  by  the  shock 
tube  tests  in  air.  Moreover  particular  effects  such  as  the 
sensitivity  of  the  noise  level  to  the  number  and  position  of 
baffles  are  faithfully  reproduced.  Thus  Pig. 8  shows  the  effect 
of  the  position  of  a  single  external  baffle  as  measured  in  the 
'real'  and  'analogous'  facilities. 

One  additional  feature  has  been  tried.  The  silencers  have 
been  lined  with  absorbent  material.  So  far  the  only  noticeable 
effect  has  been  the  reduction  of  some  of  the  high  frequency 
components  of  the  noise.  Further  tests  are  underway. 

CONCLUSIONS 

Measurements  of  analogous  noise  level  using  a  two- 
dimensional  water  table  facility  are  relatively  simple,  quick  and 
inexpensive.  A  large  range  of  silencer  configurations  can  be 
tested  in  conditions  of  both  confined  and  unconfined  space. 

Measurements  using  an  open-ended  shock  tube  in  air  are  more 
complex,  more  time-consuming  and  considerably  more  expensive. 

Comparisons  between  the  two  sets  of  measurements  suggest 
that  the  water  table  results  can  predict  the  relative  merits  of 
the  various  configurations.  The  hydraulic  analogy  is  also  very 
useful  in  drawing  attention  to  the  wave  reflection  and  refraction 
effect  both  inside  complex  silencer  geometries  and  from  outside 
walls . 

The  most  significant  difference  between  the  two  sets  of 
tests  is  the  pressure  signature  in  the  region  of  the  jet  behind 
the  gun.  In  the  shock  tube  tests  the  jet  remains  relatively  dis¬ 
creet  and,  within  this  zone,  jet  impingement  on  the  transducer  and 
its  support  are  thought  to  distort  the  pressure  signature  after 
the  passage  of  the  initial  blast  wave .  In  the  water  table  tests 
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the  flow  expands  rapidly  at  the  mouth  forming  two  vertices.  This 
rapid  spread  may  be  more  representative  of  the  high  pressure  flow 
exhausting  from  a  real  weapon. 
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TABLE  1 

Noise  level  at  the  Gunner's  Ear  (Station  B5) 

(A  comparison  between  the  water  table  and  shock  tube  results) 


Geometry 


Water  Table  Shock  Tube 

AP(dB)  Improve-  AP(dB)  Improve¬ 
ment  ment 

(dB)  (dB) 


Basic  Tube 

Basic  Tube 
+  3c  ext. 

N  022/3 

N  006/3 

N  023/2 

N  024/2 


171.0 

154.0 

“ 

166.5 

-4.5 

149.1 

-4.9 

161.6 

-9.4 

146.3 

-7.7 

161.3 

-9-7 

145-5 

-8.5 

158.5 

-12.5 

144 . 2 

-9.8 

158.3 

-12.7 

143-3 

-10.7 

\  » 
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Fig.l  Classification  of 

silencer  geometries 
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5B 
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Horizontal  distance  ,  in 

3a  Noise  contours  around 
the  basic  tube 
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2  Some  effective  silencers 
(pressure-time  trace 
recorded  at  B5) 


12  10  8  6  4  2  0 

Horizontal  distance, ft 

3b  Results  from  a  2ft  diameter 
shock  tube  (Ref. 5  P4=  50psi) 


— .  t 


Simulated  noise  level  in  dB  at  Gunner  position  (150*,2 
(Solid  curve) 
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Peak  pressure  along  the  centre-line 


Effect  of  baffle  position  on  noise  level  at 
gunner's  station 
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FAST  PYROLYSIS  OF  PULVERIZED  LIGNITE  IN  A  SINGLE-PULSE 

SHOCK-TUBE 

H.J.  FRIESKE ,  E.  SEELBACH,  G.  ADOMEIT 
Institut  fur  Allgemeine  Mechanik 
Technische  Hochschule  Aachen,  Germany 


A  single-pulse-shock  tube,  with  a  newly  developed  instru¬ 
mentation  such  that  high  pressure  pulses  of  reproducible 
and  preselectable  length  could  be  produced,  is  used  to  in¬ 
vestigate  the  influence  of  pressure,  temperature,  particle 
size,  and  variable  test  times  on  the  gaseous  volatile  matter 
at  heating  rates  up  to  10°  K/s.  After  quenching  of  the 
sample  by  the  expansion  wave  the  final  composition  of  the 
gaseous  products  is  analysed  using  gas  chromatography  and 
mass-spectrometry.  The  quenched  lignite  particles  are  collec¬ 
ted  and  analysed  chemically  and  by  scanning  electron 
microscopy  to  detect  compositional  and  physical  changes. 

The  concentrations  of  the  following  products  CH4,  C2H8, 

c3h8,  c6h14,  c2h4,  c3h6,  c4h8,  c2h2,  CO,  co2,  h2,  o2, 

N2  have  been  measured.  These  data  confirm  that  the  de¬ 
pendencies  observed  in  the  past,  when  going  from  low  to 
medium  heating  rates,  are  continued  to  high  heating  rates. 


Introduction 

When  coal  is  heated  it  undergoes  a  series  of  chemical  and  physical  reactions, 
decomposing  in  volatile  matter  and  solid  residue.  If  this  is  performed  in  an 
inert  atmosphere  this  process  is  called  pyrolysis.  It  is  particularly  important 
for  the  production  of  liquids  and  gases  from  coal  by  application  of  heat  only 
111 ,  but  it  also  accompanies  all  other  thermal  coal-processes. 

In  the  past  different  types  of  pyrolysis  experiments  of  coal  have  been  per¬ 
formed  with  heating  rates  ranging  from  10”^  K/s  to  10^  K/s.  The  results  of 
these  studies  show  that  the  heating  rate  is  a  very  important  parameter  leading 
to  different  products  and  different  product  quantities  121 .  Several  investiga¬ 
tions  achieved  medium  heating  rates,  ranging  up  to  10^  K/s  by  means  of  the 
electric  grid  technique  /3,4,5,6/.  The  pressure  has  been  varied  in  these  ex¬ 
periments  from  vacuum  to  100  bar  and  the  peak  temperature  achieved  was 
1200  K.  These  apparatus  allow  analyses  of  the  volatile  products  as  well  as  the 
residual  char.  A  disadvantage  appears  to  be  the  ambiguous  influence  of  cataly¬ 
tic  cracking  on  the  hot  metal  screens.  A  further  type  of  pyrolysis  experiments 
with  increased  heating  rates  is  the  entrained  flow  technique  using  a  laminar 
flow  of  an  inert  gas  at  up  to  2200  K  and  atmospheric  pressure  111 .  The  coal,- 
particles  are  entrained  in  this  flow  and  heated  up  with  a  maximum  rate  of  10 
K/s.  Still  higher  heating  rates  may  be  achieved  with  the  shock  tube.  This  and 
some  other  advantages  stimulated  various  investigations  of  coal  dust.  NETTLE- 
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TON,  et  al.  / 8/  used  it  to  investigate  ignition  phenomena  of  particles  in  the 
size  range  typical  of  coal  dust  burners.  WOODBURN,  et  al.  / 9 /  employed  a 
vertical  shock  tube  with  fluidized  coal  particles  to  study  the  hydrogenation 
with  volatile  catalysts.  LOWENSTEIN,  et  al.  / 10/  employed  spectroscopy  to  ob¬ 
tain  information  on  the  heating  process  of  the  particles,  the  evolution  of  the 
volatiles  and  the  formation  of  soot . 

An  analysis  of  the  product  formation  was  not  performed  in  these  investiga¬ 
tions.  This  is  one  of  the  reasons  why  the  present  investigation  was  under¬ 
taken;  the  single-pulse  shock-tube  giving  the  possibility  of  a  detailed  analysis 
of  the  reaction  products  after  freezing  and  also  of  varying  the  length  of  the 
heating  period.  Lignite  was  chosen  as  the  first  substance  to  be  investigated 
because  of  the  lack  of  data  pertaining  to  high  heating  rates  / 1 1  / . 


Experimental  Equipment 


Fig.  1  :  Photograph  of  single-pulse  shock- tube 


The  single -pulse  shock-tube,  shown  in  Fig.  1  and  represented  schematically 
in  Fig.  2,  consists  of  a  driver  section  DS  (2m),  a  low  pressure  section  LPS 
(6.44  m)  with  a  circular  cross  section  of  87  mm  inside  diameter,  and  a  dump 
tank  DT  (3  m3)  / 12 , 1 3 / .  The  dump  tank  is  connected  to  the  driver  section  by 
a  double  diaphragm  system  DDS,  which  is  pressurized  to  a  medium  value  in  or¬ 
der  to  distribute  the  load  over  both  diaphragms  D21  and  D22.  The  diaphragm 
D21  consists  of  polyester  and  is  opened  by  the  exploding  wire  EW  at  distinct 
times  depending  upon  the  desired  duration  of  the  single  pulse.  The  opening  of 
the  diaphragm  D21  causes  the  break  of  diaphragm  D22  as  soon  as  it  is  reached 
by  the  expansion  wave.  The  reproducibility  of  the  time  lag  was  checked  and 
found  to  be  satisfactory.  For  the  double  diaphragm  system  and  the  driver  sec¬ 
tion  helium  was  used,  whereas  for  the  low  pressure  section  a  gas  mixing  tank 
GMT  allows  preparation  of  suitable  gas  mixtures  with  the  pressure  p  . 
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Diagnostics 

After  freezing  the  pyrolysis  gas-coaldust-mixture  by  expanding  the  gas 
into  the  dump  tank  two  gas  probes  are  sampled  by  operating  a  solenoid  valve 
SV  at  a  preset  time  interval  after  expansion.  One  of  these  probes,  collected 
in  an  evacuated  glass  bulb  GB(MS),  is  analysed  directly  by  a  quadrupole  mass- 
spectrometer  to  obtain  the  concentrations  of  CO,  CC^,  H^.O^and  N^.  The  se¬ 
cond  probe  is  collected  in  a  glass  bulb  with  moveable  piston  TI(GC)  ,  to  in¬ 
crease  the  pressure  to  atmospheric  value  after  sampling  .  It  is  analyzed  in  a 
WARNER  CHILCOT  gas  chromatograph  equipped  with  a  FID  and  an  aluminium 
oxide  80/100  mesh  column,  6  ft  x  1/8"  to  obtain  the  fractions  of  the  hydrocar- 


The  pyrolyzed  lignite  particles  are  collected  and  analyzed,  either  by  ultimate 
analysis  or  by  a  detailed  analysis  of  the  products  of  a  further  pyrolysis  per¬ 
formed  in  a  FISCHER  curie  point  pyrolyzer  9425.  Furthermore  the  collected  lig¬ 
nite  particles  were  investigated  by  scanning  electron  microscopy.  Some  of  these 
photomicrographs  are  shown  in  Fig.  7  to  Fig.  17. 


Electronic  Instrumentation 

The  time  dependent  pressure  is  measured  at  three  locations  by  PCB  piezo¬ 
crystal  pressure  transducers  with  built  in  MOS  FET  voltage  resistance  conver¬ 
ters.  The  temperature  variation  is  measured  near  the  shock  tube  end  wall  using 
a  thin  film  gauge  T4  with  a  directly  coupled  preamplifier.  The  pressure  and 
the  thin  film  gauge  signals  are  displayed  on  two  dual  channel  oscilloscopes  SI 
and  S2  with  delay  time  bases.  When  the  diaphragm  D1  is  burst  the  current- 
carrying  trigger  wire  TW  ruptures  at  the  time  t  =  0.  This  trigger  wire  is  a 
double  enemaled  copperwire  with  0.02  mm  diameter  laying  in  a  loop  across  the 
diaphragm  Dl.  The  trigger  unit  TU  generates  a  low  impedance  trigger  signal 
and  is  able  to  check  the  insulation  of  the  wire.  This  signal  is  applied  to  the 
trigger  input  of  the  oscilloscopes  and  the  control  units.  The  incident  shock 
wave  velocity  and  the  attenuation  are  calculated  from  the  time  intervals  between 
the  rise  of  the  signals  of  the  thin  film  gauges.  T1  starting  the  electronic  coun¬ 
ter  EC1,  T2  stopping  the  electronic  counter  EC1  and  also  starting  EC2,  and  T3 
stopping  the  counter  EC 2.  Preamplifiers  Cl,  C2,  C3,  with  a  built-in  adjustable 
comparator,  are  directly  plugged  onto  the  thin  film  gauge  assembly.  Two  out¬ 
puts  provide  the  amplified  signal  and  the  comparator  signal. 
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Fig.  3  :  Electrical  instrumentation 

Several  controls  provide  a  reproducible,  safe  and  reliable  operation  of  the 
shock  tube.  All  control  functions  are  initiated  by  the  rupture  of  the  trigger 
wire  TW.  After  a  time  lag  from  2  to  2000  ps,  which  may  be  preset  in  2  ps 
steps,  a  pulse  from  the  delay  unit  DU  causes  the  control  unit  CU1  to  fire  the 
ignitron  and  to  open  the  diaphragm  D21  by  wire  explosion.  The  same  pulse 
blocks  the  input  signal  of  the  electronic  counters  EC1  and  EC2  by  closing  the 
gate  CG  for  200  ps  to  avoid  starting  the  electronic  counters  EC1  and  EC  2  by 
interferences  due  to  high  energy  capacitor  discharge. 

Gas  samples  are  taken  after  the  experiment  by  actuating  the  solenoid  valve 
SV.  The  AC-operated  magnet  is  able  to  open  and  close  the  valve  within  half  a 
line  cycle  (10  ms).  In  order  to  prevent  interferences  due  to  high  switching  cur¬ 
rents,  the  magnet  has  to  be  switched  at  zero  crossing  line  voltage.  The 
switched  line  cycles  have  to  be  an  integer  number.  For  reproducible  sampling 
the  delay  after  triggering  and  the  opening  time  must  be  preset  with  an  uncer¬ 
tainty  smaller  than  20  ms.  A  safety  curcuit  has  to  prevent  the  opening  if  the 
pressure  in  the  shock  tube  is  higher  than  0.5  bar  due  to  a  malfunction  of  the 
shock  tube  to  avoid  damage  of  the  connected  glass  bulbs.  To  fulfill  these  de¬ 
mands  the  control  unit  CU2  and  control  signal  generator  CSG  have  been  de¬ 
signed.  The  unit  CU2  switches  the  valve  by  means  of  a  triac  and  derives  a 
pulse  train  from  the  line  voltage.  These  30  ms  pulses  are  rising  with  every 
second  zero  crossing  of  the  line.  The  control  unit  CSG  combines  these  signals 
logically  "and"  with  the  signal  "1"  for  a  pressure  <0.5  bar  derived  from  the 
P3-signal,  and  a  "1"  for  the  5  s  pulse  starting  0.2  s  after  the  trigger  event. 
The  "and"  gate  output  fires  the  triac. 


Power  Supplies 

A  regulated  high  voltage  power  supply  PS 2  charges  the  capacitor  that  stores 
the  energy  for  the  exploding  wire.  The  voltage  is  adjustable  from  1.2  to  3.2  kV 
corresponding  to  a  stored  energy  from  560  to  4000  Joule.  The  pressure  transducers 
are  fed  from  three  constant  current  sources  CCS1,  CCS2,  CCS3.  Each  part  of 
a  triple  power  supply  PS1  is  connected  to  one  of  the  comparator-amplifiers  Cl, 

C2,  C3.  The  power  for  the  amplifier  A  is  supplied  by  a  battery  set. 
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The  small  signals  fr.om  the  pressure  and  temperature  gauges  can  only  be 
used  for  evaluation  and  triggering  if  one  can  suppress  ripple,  noise  and  inter¬ 
ference  to  a  sufficiently  low  level.  This  pertains  particularly  to  the  disturbance 
caused  by  the  exploding  wire.  The  major  part  of  the  energy  for  wire  explo¬ 
sions  is  released  in  less  than  20  y.s  corresponding  to  a  peak  power  of  about 
100  MW.  By  a  careful  design  of  the  medium  pressure  chamber,  the 
discharge  circuit,  the  grounding  procedure  of  the  control  units,  and  the  in¬ 
stallation  of  the  different  transducer  in  the  shock  tube  the  interference  can  be 
kept  at  a  tolerable  level.  The  medium  pressure  chamber  had  to  be  equipped 
with  an  internal  insulation  to  prevent  the  arc  from  flashing  over  to  the  tube. 

The  wire  EW,  the  shielded  discharge  power  line  and  the  enclosure  for  the  PS 
and  CU  unit  must  not  be  connected  to  any  part  of  the  experimental  setup.  The 
power  has  to  be  supplied  from  a  separated  power  line. 

Near  the  downstream  end  of  the  shock  tube  a  central  grounding  point  was 
chosen  to  which  the  ground  of  the  measuring  and  control  units  were  connected. 
Every  unit  has  its  own  power  supply  with  a  separation  transformer.  Inter¬ 
connections  between  the  different  units  are  performed  by  means  of  optocoup- 
lers.  Transducers  were  installed  electrically  insulated  to  the  shock  tube  to 
avoid  any  ground  loop  in  the  measuring  and  control  system.  The  line  power  is 
fed  through  a  line  filter.  In  this  manner  an  excellent  suppression  of  ripple  and 
interference  was  achieved.  The  high  energy  capacitor  discharge  left  only  a 
small  peak  on  the  pressure  trace  which  serves  as  a  mark  for  the  start  of  the 
wire  explosion.  Because  of  the  sensitivity  of  the  counters  to  this  mark  the  unit 
CG  blocks  the  electronic  counters  during  the  discharge. 


Experimental  Results 

The  pyrolysis  of  lignite  particles  of  a  mean  diameter  10  ym  and  70  ym  has 
been  investigated  in  first  experiments  at  three  different  pressure  levels.  The 
temperature  has  been  kept  within  certain  limits.  The  length  of  the  pressure 
pulse  behind  the  reflected  shock  waves  was  varied  in  three  steps  from  about 
100  ys  to  about  1800  ys.  The  gas  and  particle  samples  were  analyzed  as  des¬ 
cribed  in  Section  2.  Some  of  the  results  are  shown  in  Figs.  4,  5  and  6.  The 
lignite  investigated  is  Rheinische  Braunkohle: 


Proximate  analysis  (wt.  %) 


Moisture  12.1 

Ash  3.91 

Volatile  matter  44.6 
Fixed  carbon  39.5 


Ultimate  analysis  (wt.  %,  daf) 


Carbon  71.8 

Hydrogen  4.83 

Nitrogen  .73 

Sulphur  .31 


Oxygen  (by  difference)  22.3 


The  results  which  are  shown  in  Fig.  4a  and  Fig.  5a  were  obtained  at  pressures 
of  6.6  bar  and  6.2  bar.  The  relative  mass  fracti-  3  AMrej  of  the  products  are 
qualitatively  the  same  for  both  particle  sizes.  For  the  largest  pyrolysis  time 
the  detailed  product  concentration  by  percentage  of  weight  are  compiled  in  the 
table  below. 


Table  I 


Product 

ch4 

C2H6 

C6H14  C2H4  C3H6 

C4H8 

C2H2 

O 

o 

tv 

co  h2 

A(  wt .  %) 

.9 

.23 

.17  .8  .29 

.11 

8.5 

6.5 

77  4.3 

B(wt,  %) 

2.7 

0.5 

1.6  2.4  .48 

.  16 

13.5 

4.4 

69.7  4.6 

A 

:  Particle 

diameter  10 

ym,  pressure  p^  =  6.6 

bar , 

duration  time 

=  1550  ys 

B 

:  Particle 

diameter  70 

ym,  pressure  p^  =  6.2 

bar , 

duration  time 

=  1890  ys. 
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P.  MASEK  investigated  the  pyrolysis  of  the  same  lignite  at  a  much  lower  hea¬ 
ting  rate  of  5  K/min.  His  final  temperature  was  1300  K  and  the  pressure  was 
1.0  bar.  The  distribution  of  his  gaseous  pyrolysis  products  is  the  following: 
CH.  :  10.7;  CO,  :  66. o;  CO  :  19.8;  H2  :  3.6.  One  can  see  that  the  mass 
concentration  of  hydrogen  is  of  the  same  order.  The  ratio  of  CO/CO-,  is  0.30, 
which  is  a  value  considerable  below  the  ratio  of  13.84  obtained  in  our  experi¬ 
ments.  The  major  hydrocarbon  components  in  our  experiment  are  C,H,  with 
8.5  %  resp.  13.5  %  and  CH^  with  0.9  resp.  2.7  %.  MASEK  measurecTCTl^  as  the 
only  hydrocarbon  with  the  considerably  higher  value  of  10.7  %. 

At  medium  heating  rates  of  1000  K/s  the  pyrolysis  of  lignite  was  investiga¬ 
ted  by  SUUBERG,  et  al.  / 6/  at  atmospheric  pressure,  a  final  temperature  of 
1300  K  and  isothermal  holding  times  of  2  to  10  s.  They  obtained  a  CO/CO^ 
ratio  of  1.85.  These  CO/CC^  ratios  are  compiled  again  in  Table  II.  It  is  seen 
that  with  increasing  heating  rate  the  yield  of  CO  increases  continuously. 


Table  II 


MASEK 

SUUBERG, et  al . 

this  work 

lignite 

lignite 

lignite 

heating  rate 

.083  K/s 

103  K/s 

610  104  K/s 

26.5  104  K/s 

pressure 

atmosph . 

atmosph . 

6.6  bar 

6.  2  bar 

co/co2 

.30 

1.85 

13 

84 

Results  obtained  by  pyrolyzing  coal  at  low  and  high  heating  rates  / 14 /  were 
compared  by  JONTGEN  and  van  HEEK  / 5/ .  They  found  that  the  hydrogen  con¬ 
centration  is  nearly  independent  of  the  heating  rates  whereas  CH^  decreases 
by  one  order  of  magnitude,  and  C2H2  is  formed  only  at  high  heating  rates. 
These  results  show  the  same  dependence  which  was  described  above  for  lignite 
Considering  the  pressure  influence  it  is  observed  that  the  total  yield  of  gases 
and  of  CO  increases  with  pressure.  This  is  in  accordance  with  observations 
made  by  SUUBERG,  et  al.  161. 

Scanning  Electron  Microscopy 


10  ym 


Fig.  7  :  Unshocked  lignite  particles  Fig-  8  :  Shocked  lignite  particles 

magnification  =  300  magnification  =  300 

p5  =  6.2  bar;  T5  =  2720  K 

heating  rate  =  600 >10^  K/s 
argon 

Shock  heated  as  well  as  the  original  lignite  particles  were  investigated  by 
scanning  electron  microscopy  / 9 , 10 / .  All  pyrolyzed  particles  were  subjected  to 
maximum  pulse  lengths.  Figure  7  is  a  micrograph  of  the  original  10  yim  particles, 
Fig.  8  a  micrograph  of  the  same  material  after  shock  heating.  The  appearance 
has  changed  drastically,  particles  of  a  much  smaller  size  dominating  the  micro¬ 
graph.  They  are  agglomerated  either  to  chains  or  to  lumps.  Of  the  original 


Pyrolysis  of  Pulverized  Lignite 


material  only  a  few  larger  ones  appear  to  have  remained 


rig.  9  :  Unshocked  lignite  particles  Fig.  10  :  Shocked  lignite  particles 

magnification  =  300  magnification  =  300 

p5  =  6.2  bar;  T5  =  2720K 
heating  rate  =  88- 10^  K/s 
argon 

Figures  9  and  1C  show  30  pm  particles.  In  Fig.  10  the  same  small  sized 
particles  are  seen,  which  have  also  been  formed  in  the  pyrolysis  of  the  10  ym 
particles.  They  either  form  their  own  clusters  or  they  stick  to  the  surface  of 
the  original  particles,  which  appear  to  be  affected  only  in  a  surface  layer. 


4^ 


Fig.  11  :  Unshocked  lignite  particles  Fig.  12  :  Shocked  lignite  particles 

magnification  =  100  magnification  =  100 

Pc  =  22.6  bar;  T5  =  2480K 
heating  rate  =  23  lO^  K/s 
argon 

Micrographs  of  the  70  ym  particles  are  represented  in  Fig.  11  and  12.  The 
same  observations  discussed  with  respect  to  the  30  ym  particles  appear  to  hold 
except  that  the  separate  agglomerates  of  the  very  small  sized  particles  observed 
in  Fig.  9  and  10  can  hardly  be  seen. 

Figures  13  to  17  show  120  ym  particles. 
Figure  13  shows  the  original  material. 

Fig.  14  and  16  the  shock  heated  particle, 
the  first  in  an  argon  atmosphere,  the  se¬ 
cond  in  nitrogen.  Also  the  temperature  and 
pressures  differ.  In  contrast  to  the  smaller 
particles  the  size  has  changed  strongly, 
particularly  of  the  particles  heated  in  ni¬ 
trogen.  Figures  15  and  17  have  a  magnifi¬ 
cation  of  100  and  demonstrate  this  effect 
more  clearly . 

Fig.  13  :  Uushocked  lignite  particles 
magnifiaction  =  30 


Conclusions 

The  instrumentation  of  a  single-pulse  shock- tube  was  developed  such  that 
high  pressure-pulses  of  reproducible  and  preselectable  length  could  be  pro¬ 
duced.  These  characteristics  are  needed  to  investigate  the  pyrolysis  of  coal 
particles  at  high  heating  rates  and  high  pressures.  To  achieve  this  goal  the 
double  diaphragm  system  DDS,  separating  the  driver  section  from  the  dump 
tank  had  to  be  opened  completely  within  a  time  intervall  short  compared  to  the 
desired  pulse  length.  At  the  high  pressures  desired  this  was  only  possible  with 
a  wire  explosion  of  sufficiently  high  energy.  The  time  delay  between  the  rup¬ 
ture  of  the  first  diaphragm  D1  and  the  double  diaphragm  system  could  be  con¬ 
trolled  precisely  after  developing  a  suitable  triggering  device.  Particular  care 
had  to  be  devoted  to  avoid  electrical  interference  of  this  discharge  with  the 
measuring  and  control  units.  Special  gnunding,  shielding  and  filtering  proce¬ 
dures  had  to  be  observed.  Furthermore  coincidence  checks  had  to  be  used  to 
rule  out  any  spurious  operations.  First  experiments  were  performed  with  this 
single-pulse  shock-tube  to  investigate  the  pyrolysis  of  lignite  .-tides  of  mean 
diameters  10  pm,  30  pm,  70  pm,  and  120  pm,  at  pressures  p$  ranging  from  5.5to 
39.0  bar  and  temperatures  T5  ranging  from  1470  to  3250  K  in  a  background  at¬ 
mosphere  consisting  of  argon  and  nitrogen. 
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The  analysis  of  the  gaseous  volatile  matter  shows  that  the  dependencies  ob¬ 
served  when  going  from  low  to  medium  heating  rates  are  continued  to  high  hea¬ 
ting  rates.  This  concerns  the  increase  of  CO  yield  compared  to  CO^.  the  de¬ 
crease  of  CH4  and  the  appearance  of  C2H2  at  significant  concentrations  with 
high  heating  rates.  An  increase  in  the  amount  of  gaseous  volatile  matter  with 
pressures  was  observed  above  the  value  given  by  SUUBERG,  et  al.  This  de¬ 
pendence  appears  to  become  particularly  pronounced  for  smaller  lignite  particles. 

The  scanning  electron  microscopy  shows,  that  as  a  result  of  pyrolysis,  small 
sized  particles  of  about  2  pm  diameter  are  formed  which  either  agglomerate  se¬ 
parately  or  adhere  to  the  surface  of  the  original  particles. 

-  The  pyrolysis  process  seems  to  affect  the  10pm  particles  entirely.  After 
pyrolysis  of  this  sample  hardly  any  particles  of  original  shape  are  left. 

-  Larger  particles  -  30  pm,  and  70  pm  -  are  affected  in  a  surface  layer. 
They  keep  their  shape  more  or  less. 

-  The  largest  120  pm  particles  however  disintegrate  again,  apparently  by 
mechanical  loading. 
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SHORT  RESIDENCE-TIhE  PYROLYSIS  AND 
OXIDATIVE  PYROLYSIS  OF  BITUMINOUS  COALS 

S.L.  Szydlowski,  D.C.  Wegener,  J.F.  Merklin,  and  T.W.  Lester 
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Manhattan,  KS  66506 


The  devolatilization  of  two  U.S.  bituminous 
coals  during  short  residence  times  in  inert  and 
oxidizing  atmospheres  was  investigated  in  a  sin¬ 
gle-pulse  shock  tube. 

Methane,  ethane,  and  ethene  yields  exhibited 
maxima  from  1300  to  1500  K;  however,  acetylene 
yields  increased  with  temperature  over  the  entire 
temperature  range.  The  yields  were  affected  by 
residence  times  shorter  than  1  msec. 

Pseudo  first-order  rate-constants  were  deter¬ 
mined  using  a  decomposition  model,  first  order 
in  the  amount  of  substance  yet  to  be  evolved. 
Activation  energies  for  light  hydrocarbon  pro¬ 
duction  ranged  from  79  to  123  kJ/mole,  depending 
on  the  atmosphere.  _  Assoc' 


factors  are  5  x  105  to  3  x  107  sec"1.  A  scheme 
using  multiple  parallel  reactions  with  distri¬ 
buted  parameters  did  not  provide  significantly 
better  correlation.  The  relative  smallness  of 
the  activation  energies  with  respect  to  those 
representative  of  a  chemically  controlled  process,  ! 
the  lack  of  better  correlation  with  a  multiple  i 
parallel  reaction  scheme,  and  the  influence  of  4/ 
atmosphere  on  the  activation  energy  suggest  that 
the  production  of  these  constituents  from  coal 
before  ignition  is  governed,  in  part,  by  physical 
processes.,^  T 

^  ~i3  .'a  f  ~ 

INTRODUCTION  s v 


In  several  recent  papers (1-2),  we  have  reported  on  the 
short  residence -time  evolution  of  light  hydrocarbons  from  pulver¬ 
ized  bituminous  coals.  In  conjunction  with  measurements  of  the 
ignition  and  burnout  kinetics  of  these  coals,  these  data  supported 

the  theory  that,  even  at  heating  rates  in  excess  of  106K/sec,  a 
significant  fraction  of  the  total  light- hydrocarbon  volatiles  can 
evolve  prior  to  particle  ignition. 

In  analyzing  these  data,  we  were  perplexed  that  much  of  the 
existing  kinetic  information  on  the  formation  of  hydrocarbons  was 
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inadequate  to  predict  the  levels  of  lower  hydrocarbons  within  the 
very  short  times  available  behind  the  reflected  shock  wave  in  a 
single-pulse  shock -tube.  The  most  reliable  data  on  individual 
species  evolution  from  American  bituminous  coals  have  been  pro¬ 
vided  by  Suuberg,  et  al.  (3),  while  the  most  complete  information 
on  the  qualitative  and  quantitative  volatile  yields  from  a  wide 
range  of  American  coals  has  been  reported  by  Soloman  (4).  Both 
sets  of  experimenters  used  electrically  heated  grids  (5)  ,  within 
which  were  sandwiched  small  amounts  of  pulverized  coal.  Heating 
rates  were  adjusted  to  between  1000  K/sec  after  it  was  ascertained 
that  heating  rate  had  no  observable  influence  on  product  distri¬ 
bution  or  yield.  The  heating  rates  and  the  maximum  temperatures 
(1373  K)  at  which  kinetic  data  could  be  obtained  are  lower  than 

the  heating  rates  (10^-10^  K/sec)  and  maximum  particle  temper¬ 
atures  (in  excess  of  2000  K)  that  are  to  be  expected  in  pulverized 
coal  flames  (6) . 

To  start  to  clarify  the  discrepancy  between  published  kinetic 
data  and  our  observed  hydrocarbon  yields,  three  bituminous  coals 
were  shock  heated  in  nitrogen,  air,  and  argon  for  varying  d’ell 
periods  (0.3  to  3  msec),  over  a  temperature  range  of  approximately 
1000  to  1900  K.  The  unreacted  solid  and  evolved  gases  and  liquids 

were  cooled  at  rates  in  excess  of  -  10^K/sec  by  the  reflected 
rarefaction  fan.  In  this  paper  we  report  on  the  techniques  used 
to  collect  the  stable  products  of  reaction  and  to  infer  pseudo 
first-order  rate-coefficients  from  the  product  yields. 

APPARATUS  AND  PROCEDURE 

The  general  technique  for  studying  the  ignition  and  oxidation 
of  pulverized  coal  in  shock  tubes,  as  well  as  the  construction  of 
the  single  pulse  tube,  have  been  covered  previously  (1,2, 7-9). 

To  facilitate  collection  of  solid  and  liquid  products  of  reaction, 
a  new  test  section,  27  cm  in  length  and  5.7  cm  inside  diameter, 
was  constructed  in  which  removable  aluminum  liners  (5.08  cm  inside 
diameter)  were  placed.  The  test  section,  shown  schematically  in 
Fig.  1,  contains  two  access  ports.  The  port  7.66  cm  downstream 
from  the  isolation  ball  valve  is  used  to  introduce  the  coal 
sample.  The  gaseous  products  of  reaction  are  vented  through  the 
other. 

Helium  (Airco,  99.9957.  purity)  was  used  as  the  driver  gas  in 
all  experiments.  The  length  of  the  driver  section  was  varied 
between  1  and  3  m  by  means  of  a  variable  length  end  plug  to  change 
the  nominal  dwell  time  behind  the  reflected  shock  wave.  For 
periods  of  less  than  1  msec,  the  driver  section  was  shortened  by 
approximately  1.5  m.  The  coals  were  shock  heated  in  atmospheres 
of  argon  (Matheson,  99.999%  purity),  nitrogen  (Airco  extra  dry 
99.5 %  purity),  or  air  (Matheson,  zero  with  total  hydrocarbons  less 
than  2  ppm).  To  minimize  contamination,  all  gases  were  filtered 
through  activated  charcoal  and  molecular  sieve  5A  to  remove 
moisture  and  hydrocarbons.  A  molecular  sieve  foreline  trap  was 
installed  on  the  vacuum  line  to  absorb  contaminants  from  the 
roughing  and  oil  diffusion  pumps.  Shocks  were  initiated  by  the 
mechanical  rupture  of  aluminum  diaphragms  (for  tests  in  argon) , 
and  by  overpressure  rupture  of  mylar  diaphragms  (for  all  other 
tests). 

Three  different  U.S.  bituminous  coals  were  used  in  the 
experiments.  In  the  argon  tests,  from  which  solid  residue  and 
liquid  samples  were  collected,  40  +  0.8  mg  of  an  Illinois  #6  coal 
that  had  been  sieved  to  -  400  U.S.  mesh  were  used.  In  the  other 
experiments,  20  +  0.4  mg  of  coal  were  used.  Properties  of  the 
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coals  tested  are  listed  in  Table  1.  All  coals  were  stored  in  a 
dessicator  until  immediately  before  their  use  in  a  test.  The 
coal  sample  was  introduced  into  the  shock  tube  by  means  of  a 
dispersion  plate  suspended  from  a  saddle  block  fitted  flush  to 
the  inner  diameter  of  the  shock  tube  liner  (see  Fig.  1) .  It  has 
been  shown  previously  (7)  that  this  dispersion  technique  produces 
a  reasonably  uniform  suspension  along  an  axial  distance  of  10cm. 
Moreover,  in  a  series  of  recent  tests  with  aerosols, 

Oman,  et  al.  (10)  have  determined  via  Laser  Doppler  Velocimetry 
that  the  radial  distribution  of  particles  is  surprisingly  uniform 
across  the  test  section. 

Immediately  after  the  diaphragm  rupture,  the  ball  valve 
(see  Fig.  1)  was  closed,  isolating  the  test  section  from  the  rest 
of  the  shock  tube.  The  test  section  was  isolated  for  one  hour  to 
allow  the  gaseous  products  to  approach  a  uniform  compensation 

axially.  A  75  cm  gas  sample  was  extracted  through  a  2um  stain¬ 
less  steel  filter  into  a  previously  evacuated  stainless  steel 
bottle.  Lower  hydrocarbons  (C^-C^)  were  analyzed  by  a  Tracor 

Model  560  gas  chromatograph  equipped  with  dual  flame  ionization 
detectors.  The  determination  of  the  thermodynamic  conditions 
behind  the  reflected  shock  wave  is  covered  in  Syzdlowski  (11) . 
Further  experimental  details  may  also  be  obtained  in  Seeker  (9)  , 
Vaughn  (12),  or  a  series  of  recent  papers  (1,2, 7, 8). 

RESULTS 

Hydrocarbon  yields  (C^-C^)  were  analyzed  in  the  various  test 

gases  over  a  temperature  range  of  approximately  1000  to  1900  K, 
with  nominal  residence  times  of  0.3  to  3.0  msec,  and  under  total 
pressures  of  0.8  +  0.2  MPa.  The  qualitative  results  for  all  test 
gases  are  similar  to  those  exhibited  in  Fig.  2  for  Illinois  #6 
pyrolysis  in  ^ .  Ethylene  yields  as  a  fraction  of  the  as -receiv¬ 
ed  coal  mass  are  greater  than  methane  yields  up  to  approximately 
1600  K  for  ^ .  Unlike  previous  experiments  with  relative  rapid 

heat-up  at  lower  temperatures  (see  particularly  Suuberg,  et  al. 
(3,13)  and  Soloman  (4))  the  yields  of  aliphatic  gases  all  exhibit 
maxima  with  temperature.  Above  this,  they  decrease  in  favor  of 
acetylene.  The  total  lower -hydrocarbon  gas -yields  asymptotically 
approach  (see  Fig.  3)  a  constant  value  for  the  experiments  in 
nitrogen,  indicative  of  an  equilibrium  being  established  among 
the  gases.  On  the  other  hand,  in  the  argon  runs,  the  total 
hydrocarbon  yields  begin  to  decrease,  even  as  acetylene  continues 
to  increase.  The  hydrocarbon  yields  determined  for  the  Pitts¬ 
burgh  seam  (3. 3pm)  coal  in  air  are  equivalent  to  those  obtained 
in  nitrogen  up  to  1263  K,  at  which  point  ignition  was  observed. 
More  can  be  found  relating  to  this  last  point  in  Seeker  (9)  and 
Seeker,  et  al.  (1). 

The  yields  obtained  in  argon  were  obtained  for  residence 
times  between  1  and  3  msec  (solid  symbols)  and  0.3  msec  (open 
symbols).  Within  the  data  scatter,  the  yields  are  equivalent  for 
times  greater  than  1  msec,  lower  for  the  very  short  residence 
time  runs.  The  influence  of  the  diluent  gas  on  methane  yields  is 
illustrated  in  Fig.  4,  along  with  the  methane  yields  from 
pyrolysis  of  a  Pittsburgh  seam  coal  as  reported  by  Suuberg, 
et  al.  (3)  and  Tyler  (14).  The  first  experiments  were  conducted 
in  a  heated  grid  apparatus  in  which  the  coal  volatiles  were 
ejected  into  a  cold  bath  of  helium  while  the  second  experiments 
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were  conducted  (with  the  same  Pittsburgh  seam  coal  sample)  in  a 
fluidized  bed  of  sand  in  which  the  volatiles  were  ejected  into  a 
hot  helium  gas  environment.  Although  both  experimenters  quote 

heating  rates  of  10^K/sec  (recall  the  Suuberg  experiments  found 
no  influence  of  heating  rate  on  product  yield  or  distribution) , 
the  temperature  histories  were  different  as  were  the  residence 
times  to  which  the  coal  and  volatiles  were  exposed  to  elevated 
temperatures  (one  second  or  longer) .  The  cooling  rates  were 
nominally  200  K/sec  for  the  MIT  work,  but  were  not  quoted  for  the 
Tyler  exp er imen t s . 

In  the  shock  tube  experiments,  the  residence  times  for  the 
argon  runs  were  1  msec,  and  for  the  other  atmospheres,  1.4  msec. 
The  rates  of  heatup  and  cooling  will  be  discussed  in  the  sub¬ 
sequent  section.  Although  the  heating  rates  are  slightly  differ¬ 
ent  for  the  argon  tests  and  the  tests  conducted  with  diatomic 
gases,  the  yields  of  methane,  as  shown  in  Fig.  3,  are  equal  to 
within  the  range  of  data  scatter  up  to  1300  K. 

The  yields  continue  to  increase  in  the  nitrogen  experiments 
up  to  1600  K.  Insofar  as  the  yields  are  nearly  equivalent  below 
1300  K,  the  influence  of  diluent  gas  appears  not  to  be  merely  one 
of  heating  rate,  but  rather  one  of  third  body  influence. 

DISCUSSION 

The  shock  tube  is  a  well  established  instrument  with  which 
to  generate  accurate  kinetic  information  for  high -temperature  gas- 
phase  reactions.  The  generation  of  usable  kinetic  data  for 
heterogeneous  reactions  is  not  as  certain.  The  principal  diffi¬ 
culty  is  the  finite  heat-up  rate  and  quench  that  complicate  the 
analysis  of  data.  To  establish  the  heat-up  characteristics  of 
polydisperse  particle  suspensions  behind  the  reflected  shock, 
Seeker  conducted  a  number  of  optical  pyrometry  measurements  (9) . 
The  response  of  the  4.1  ym  Illinois  #6  coal  sample  to  reflected 
shock  waves  at  temperatures  between  1205  and  1226  K  is  shown  in 
Fig.  5.  The  heating  from  the  incident  shock  conditions  proceeds 

at  a  rate  of  approximately  3  x  lO^K/sec  and  the  particle  suspen¬ 
sion  relaxes  quickly  to  a  temperature  very  close  to  the  initial 
reflected  shock  gas  temperature.  For  all  cases  in  these  experi¬ 
ments,  the  particle  mass  loading  was  maintained  at  less  than  57o 
of  the  reflected  shock  gas  density.  In  similar  experiments, 

Seeker  determined  that  the  cooling  rate  of  the  particle  suspension 
agreed  very  closely  with  that  predicted  from  the  pressure  history, 
assuming  an  isentropic  expansion. 

In  determining  kinetic  information  from  the  pyrolysis  yields, 
we  assumed  that  the  hydrocarbon  gas  yields  could  be  correlated 
with  a  decomposition  model,  first  order  in  product  remaining  to 
be  evolved.  It  is  well  known  (see  for  instance  Anthony  and 
Howard  (15)  or  Suuberg,  et  al.  (3))  that  such  kinetics  are  only 
crude  and  often  inadequate  representations  of  the  multiple 
reactions  leading  to  each  observed  product;  nonetheless,  we  have 
found  that  a  multiple  reaction  sequence  as  described  by  Anthony, 
et  al.  (16)  does  not  correlate  our  data  significantly  better  than 
a  single  reaction  model.  It  is  clear  from  companion  studies  on 
benzene  and  toluene  pyrolysis  in  our  laboratories  (see  for 
instance  Vaughn  (12)  and  Vaughn,  et  al.  (17))  that  the  lighter 
hydrocarbon  yields  result  not  only  from  the  coal,  but  also  from 
the  ring  rupture  of  light  tars  and  aromatic  constituents. 

Suuberg,  et  al.  (3)  have  also  pointed  out  that  mass  transfer 
within  the  particle  must  also  be  exerting  an  influence  on  the 
apparent  kinetics;  however,  the  rapid  heat-up  and  small  particle 
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sizes  used  in  these  experiments  minimized,  but  did  not  eliminate, 
this  influence. 

Bearing  these  concerns  in  mind,  the  first  order  rate 
expression  used  is 

HE  =  koexp(-Eo/RT)(V*-V)  CD 


where  V  is  the  yield  as  a  fraction  of  the  as -received  mass  of  the 
coal  loading,  V*  is  the  maximum  yield  realized  under  the  avail¬ 
able  reaction  time  and  temperature,  and  kQ  and  Eq  are  the  first 

estimates  of  the  Arrhenius  parameters,  uncorrected  for  finite- 
rate  heating  or  cooling.  Integration  yields 

=  exp[-kQt  exp  (-Eq/RT)  ]  (2) 

where  t  is  the  nominal  dwell  time  behind  the  reflected  shock. 
Suuberg,  et  al.  (13)  have  shown  that  for  a  constant  heating-rate, 
the  yield  is 

=  exp[-(koRT2/mEo)exp(-Eo/RT)]  (3) 


where  m  is  the  heating  rate.  We  may  define  an  equivalent  time  at 
the  final  temperature  required  to  produce  the  yields  obtained 
under  the  constant  heat-up  to  that  final  temperature.  Doing  so, 

exp[-koexp(-E0/RT)At]  =  exp[ - (koRT2/mEo) exp (-EQ/RT) ]  (4) 

where  At  is  the  time  required.  Simplifying,  we  obtain 

At  =  RT2/mEo.  (5) 

The  time,  obtained  from  the  oscilloscope  recording  of  the  pressure 

trace  and  used  to  obtain  the  initial  estimates  of  k  and  E  in 

o  o 

Eq.  (2),  includes  the  time  required  to  heat  the  suspension  to  the 
final  gas  temperature;  however,  the  equivalent  time  is  less  than 
this  and  the  corrected  time  for  reaction  at  the  final  temperature 
is  calculated  from, 

Tc-T 

f  =  t  -  ~  -  +  At  (6) 

m  ' 

where  t’  is  the  corrected  dwell  time  and  Tq  is  the  particle  tem¬ 
perature  entering  the  reflected  shock  wave.  Using  this  analysis 
resulted  in  reductions  of  from  approximately  150  to  400  ysec  for 
the  argon  shocks,  120  to  300  ysec  for  the  shocks  with  the  small 
Pittsburgh  seam  and  Illinois  #6  in  nitrogen,  and  425  to  750  ysec 
for  the  large  Pittsburgh  seam.  Only  one  iteration  was  required 
for  the  small  coal  samples;  two  were  required  for  the  larger 
Pittsburgh  seam  sample.  The  kinetic  parameters  for  the  four 
coals  are  tabulated  in  Table  2  and  shown  on  an  Arrhenius  plot  in 
Fig.  6.  The  kinetics  are  about  one  order  of  magnitude  greater 
than  the  simple  first  order  models  for  light  hydrocarbon  pro¬ 
duction  by  Soloman  (4)  and  for  CH^  Suuberg,  et  al  (3)).  In 

the  multiple  reaction  model  of  Suuberg,  et  al.,  only  one  reaction 
is  sufficient  to  correlate  appearances  of  C2H6  from  the  pyrolysis 

of  Pittsburgh  seam  coal;  with  an  assumed  first-order  preexponen- 
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tial  factor  of  10  sec  and  a  resulting  activation  energy  of 
230.1  kJ/mole,  the  results  of  Suuberg  and  the  current  tests  are 
in  good  agreement  between  1000  and  1100  K.  Correcting  the  data 
for  finite  rate  quench  would  adjust  the  rate  constants  by  some¬ 
what  smaller  amounts  than  does  the  finite  heating-rate  correction; 
this  was  not  performed,  however,  insofar  as  the  heating  rate 
correction  produced  a  better  fit  to  the  rate  data  than  did  either 
the  uncorrected  kinetic  coefficients  or  the  inclusion  of  finite- 
rate  quench  corrections. 

It  should  be  emphasized  that  the  shock  tube  technique  pro¬ 
duces  light  hydrocarbon  yields  that  are  a  result  of  both  primary 
and  secondary  reactions;  whereas,  the  electrically  heated  grid 
work  of  Suuberg,  et  al.  (3)  and  Soloman  (4),  through  the  use  of 
a  cold  bath  gas,  quench  the  secondary  reactions.  Nevertheless, 
the  shock  tube  is  useful  for  studying  short  residence- time 
pyrolysis  behavior  in  a  particle  suspension  undergoing  heating 
rates  commensurate  with  those  found  in  utility  boilers.  With 
sufficiently  rapid  heating  rates,  we  have  also  demonstrated  that 
lower-hydrocarbon  yields  comparable  to  those  obtained  at  much 
longer  residence  times  at  slower  heating  rates  can  be  obtained. 

It  is  not  clear  that  the  decreased  gaseous  volatile  yields  from 
pyrolysis  of  Illinois  #6  in  argon  vis  a  vis  nitrogen,  are  due  to 
a  third  body  mechanism;  however,  the  decrease  of  methane  at  a 
lower  temperature  in  argon  than  in  nitrogen  may  be  indicative 
that  the  vibrationally  hot  radical  fragments  from  decomposition 
of  the  coal  or  aromatic  constituents  above  1300  K  are  not  able 
to  stabilize  as  lower  molecular  weight  hydrocarbons,  but  repoly¬ 
merize  to  form,  eventually,  soot  or  repolymerize  with  the  char. 
More  complete  experiences  with  solid  and  liquid  characterization 
in  various  atmospheres,  including  isotopically  labeled  gases, 
are  now  underway  to  determine  to  what  extent  third  body  stabili¬ 
zation  is  important  in  high  temperature  pyrolysis  of  various 
coals . 
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Table  1.  Coal  Properties 


Analysis 

Component 

Pitts . 

Seam 

Ill. 

#6  (1) 

Ill. 

#6  (2) 

Proximate* 

Ash 

6.4 

12.7 

10.3 

Volatile  Matter 

35.5 

34.4 

37.8 

Moisture 

1.9 

4.4 

2.1 

Fixed  Carbon 

56.2 

48.5 

49.8 

Ultimate** 

H 

5 . 6 

5.3 

5 . 2 

C 

82.2 

75.0 

77.3 

N 

1.7 

1.3 

1.4 

0 

9.3 

14.6 

12.3 

S 

1.2 

3.8 

3.8 

Number  Mean 

Diameter*** 

3 . 3ym 

14 .9ym 

4.1pm 

7 . 3pm 

Mass  Mean  Diameter 

13 . 0pm 

24 . 8pm 

15.5pm 

18.4pm 

* Analysis  by  Hazen  Research,  Inc.,  Golden  CO 
**Ultimate  Analysis  by  Galbraith  Laboratories,  Inc.,  Knoxville 


TN 

***Size  analysis  determined  by  Coulter  Counter  and  miscroscopy 
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Table  2.  Pseudo  first-order  rate -constants*  for  the  formation  of 
lower  hydrocarbons  from  the  pyrolysis  of  bituminous 
coals . 


Coal  Uncorrected  Corrected 


k 

0 

Eo 

k‘ 

E' 

Illinois  6(Ar) 

7 . 5xl05 

88.4 

1.6xl06 

92.8 

Illinois  6(N2) 

3 . 3xl05 

75.4 

5.2xl05 

78.8 

Pittsburgh  Seam 
(3.3) 

2 . lxlO7 

120.2 

3 . 3xl07 

123.3 

Pittsburgh  Seam 
(14.9) 

1 . 2xl07 

94.1 

7 . 6xl06 

107.8 

Pittsburgh  Seam 

1.7x1 07 

116.8 

(composite) 


*  Units  for  k  and  k'  are  sec 
o 


and  for  E  and  E ' 
o 


kJ/mole. 


Sample 

Dispersion 


. ! 

21.9  cm  , 

_ 2 

•9.5  cm 

Driver  Section 


Test  Section 


j - tl  Will _ 

Sample  zone 


Gas 

Sample 

Valve 


Fig.  1. 

Schematic  of 
KSU  Shock  Tube. 


Fig.  2.  Light  hydrocarbon  yield 
as  a  function  of  temperature. 

filled  circles  -  CH4 

open  circles  -  C2Hg 

filled  diamonds  -  C2H4 

filled  triangles  -  C2H2 
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Fig.  4. 

Comparison  of 
Methane  yields 
(%,  as  receiv¬ 
ed)  as  a  f  (T)  . 


Fig.  3.  Hydrocarbon  Yields 
(7») ,  as  a  f  (T) . 
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10* 

~\  i  i  i  i  l - 

^Pittsburgh  Seam,  Nitrogen 

103 

«fcy\ught  Hydrocarbon 

io2 

-  \  WlllillOis  6  (Nitrogen)  - 

\  ^-Illinois  6  (Argon) 

101 

Ref.4-\  \ 

Light  \  \ 

.  HydrocarbortX  \ 

Pittsburgh  \\  \ 

Seam\\  \ 

10° 

io'1 

\V-C2H6(Ret.3) 

-2 

\V-CH4(Ref.3l 

10 

\\Pittsburgh~ 
\  \  Seam 

in3 

- 1  1 _ I 1  \  \  1 

0.6  0.8  1.0  1.2  1.4  1.6 

103/T(K) 


Fig.  6.  Comparison  of  first 
order  rate  constants  for 
hydrocarbon  evolution. 


Fig.  5.  Particle  temperature 
as  a  f  (time)  after  reflected 
shock . 
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SHOCK  WAVE  IGNITION  OF  PULVERIZED  COAL 


E.A.  Ural,  M.  Sichel ,  and  C.W.  Kauffman 
*s*k  Department  of  Aerospace  Engineering,  The  University  of  Michigan 

y 

*  *  \  Ann  Arbor,  Michigan  48109 

•*.  ^Heating  and  ignition  delay  times  behind  an  incident  shock  of 
small  clouds  of  coal  dust-particles  of  three  different  size 
»  ranges  were  measured  in  a  shock  tube.  Four  different  compo- 

m*.  sitions  of  O2-N2  mixtures  were  used  as  the  oxidizer  and  the 

w  incident  shock  Mach  number  varied  from  4.1  to  4J?. — Observed 

H  delay  times  were  in  the  range  10  to  150  (usepfdecreasing  '"■•x 

with  increasing  Mach  number  and  O2  concentration.  The  the- 
oretical  analysis  is  based  on  the  numerical  solution  of  the 
S3C  one-dimensional  transient  heat  equation  for  a  single  spher¬ 

ical  particle.  Particle  acceleration  has  an  important 
effect  on  heat  transfer  and  is  considered  in  the  model. 

Heating  due  to  gas  phase  and  heterogeneous  reactions  is 
represented  with  appropriate  volumetric  or  surface  source 
terms.  The  results  show  that  volatilization  is  insufficient 
to  account  for  the  short  delay  times  observed.  The  main 
mechanism  for  ignition  in  these  short  times  appears  to  be 
heterogeneous  surface  reaction  both  on  the  outside  and  with¬ 
in  the  porous  particle. --This  conclusion  is  also  supported 
by  the  tests  conducted  w^$h  char  and  graphite.  After  making 
the  necessary  corrections  for  the  electro-optical  system 
performance  theoretically  calculated  heating  and  ignition 
delays  agreed  well  with  the  experimental  measurements. 

INTRODUCTION 

Combustion  of  pulverized  solid  fuels  in  gaseous  oxidizers  is  fairly  well 
understood.  However,  recent  Interest  in  dust  explosions  has  focused  attention 
on  a  new  aspect  of  this  problem.  In  explosive  combustion,  processes  are  so 
rapid  compared  to  conventional  applications  that  they  usually  lie  well  beyond 
the  range  of  validity  of  presently  available  theories  and  experimental  data. 
Explosive  combustion  of  dust-oxidizer  mixtures  occurs  either  as  a  deflagration 
In  a  confined  space,  or  as  a  detonation.  Detonation,  although  less  frequent, 
is  more  hazardous  because  of  its  higher  overpressures  and  propagation  veloci¬ 
ties.  The  detonability  of  coal-air  mixtures  is  still  controversial.  However, 
such  mixtures  with  excess  oxygen  or  methane,  and  some  agricultural  dust-air 
mixtures  have  beer  observed  to  detonate  in  laboratory  experiments  as  well  as 
in  practice. 

The  structure  of  a  detonation  consists  of  a  leading  shock  followed  by  an 
Induction  and  reaction  zone.  The  end  of  the  Induction  zone  is  characterized  by 
the  ignition  of  the  fuel,  while  burnout  or  quenching  characterizes  the  end  of 
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the  reaction  zone.  The  initiation  and  propagation  of  detonations  depend  mainly 
on  the  induction  zone  thickness^.  To  understand  the  quantitative  nature  of  two 
phase  detonations  it  is  thus  necessary  to  carry  out  experiments  designed  to 
simulate  the  flow  behind  the  leading  shock  of  a  detonation  wave.  Obviously  the 
ideal  experiment  would  be  to  study  the  detonation  itself  in  a  long  tube.  How¬ 
ever  this  may  not  always  be  feasible  as  it  would  require  very  large  tube  diam¬ 
eters  to  eliminate  the  influence  of  confinement^.  To  simulate  the  flow  field 
through  the  induction  zone,  shock  tube  studies  should  be  sufficient  and  are 
much  simpler  to  carry  out.  Several  shock  tube  investigations  of  coal  dust 
ignition  already  exist  in  the  literature  (e.g.  Ref.  3).  In  these  studies  mix¬ 
ing  the  dust  with  the  oxidizer  has  been  a  problem;  thus,  the  incident  shock 
was  utilized  to  disperse  the  dust,  and  the  dust  was  then  ignited  by  the 
reflected  shock.  Such  studies  thus  fail  to  account  for  the  high  convective 
flow  velocities  experienced  by  the  particles  in  the  induction  zone  of  a 
detonation. 

This  paper  presents  briefly  an  experimental  and  theoretical  investigation 
of  the  ignition  delays  of  small  coal-dust  clouds  behind  incident  shock  waves. 
The  experimental  apparatus  and  procedure  are  first  delineated  then  experimental 
results  are  presented.  A  theoretical  analysis  based  on  a  simplified  model  of 
the  ignition  process  is  then  described  and  the  results  are  compared  to  the 
experimental  measurements.  The  details  can  be  found  in  Ref.  11. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

A  conventionally  designed  horizontal  shock  tube  was  used  in  the  incident 
shock  mode  for  the  experiments.  The  test  section  is  filled  with  gas  of  the 
desired  composition  and  pressure.  The  driver  is  filled  with  high  pressure 
helium  and  a  nichrome  wire  is  exploded  with  a  large  capacitor  discharge  to 
break  the  upstream  diaphragm  stack.  A  shock  then  propagates  through  the  test 
section  creating  a  high  speed  flow  of  increased  pressure  and  temperature.  In 
the  test  section,  a  cloud  generator  (Fig.  1)  employing  a  solenoid  actuated 

impulse  mechanism  generates  a  slowly 
settling  cloud  of  dust  prior  to  the 
arrival  of  the  incident  shock.  The 
tip  of  the  rod  where  the  dust  is 
lightly  packed  is  designed  to  intro¬ 
duce  some  shear  which  provides  for 
better  cloud  dispersion. 


Synchronization  of  shock  and 
the  cloud  so  that  they  meet  in  the 
observable  volume  defined  by  the  two 
windows  is  crucial.  Therefore  it  is 
necessary  to  introduce  a  time  delay 
between  the  pulses  for  the  solenoid 
and  the  nichrome  wire.  A  series  of 
tests  were  conducted  to  optimize 
this  time  delay,  and  a  success  prob¬ 
ability  of  approximately  2/3  is 
achieved.  For  that  reason,  a  spark 
shadowgraph  of  the  cloud  Is  photo¬ 
graphed  on  a  Polaroid  film  for  each 
run  right  before  the  arrival  of  the 
shock.  These  photographs  are  used 
In  accepting  or  discarding  the  runs 
on  the  basis  of  cloud  location  and  dispersion.  Figure  2(a)  shows  a  typical 
example  of  such  a  photograph.  For  a  run  to  be  acceptable  the  cloud  should  be 
In  the  light  region  projected  by  the  windows  and  should  not  have  large  par¬ 
ticle  agglomerations.  As  seen  In  Fig.  2(b),  after  the  collision  with  the 
shock  the  smaller  agglomerations  are  shattered  providing  a  fairly  uniform 


Figure  1.  Sketch  of  the  Clogd 
Generator 
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distribution.  However, small  particles  are  observed  to  shed  from  the  larger 
agglomerations  with  a  stripping  type  of  behavior.  In  the  latter  case  most  of 
the  particles  are  attached  to  the 


agglomeration  which  keeps  them  cooler 
during  most  of  the  test  time  so  that 
the  results  will  not  be  representative 
of  the  real  cloud-flow  interaction. 
Indeed  the  ignition  times  observed 
with  large  agglomerations  present  were 
considerably  larger  than  those  ob¬ 
served  for  a  fully  dispersed  cloud. 


Just  upstream  of  the  observation 
window  two  pressure  switches  0.305  m 
apart  are  used  to  measure  the  wave 
speed.  A  pressure  transducer  located 
opposite  the  cloud  generator  marks  the 
start  of  the  interaction  between  the 
cloud  and  the  flow.  The  end  of  the 
test  time  is  determined  by  the  arrival 
of  either  the  expansion  wave  or  of  the 
contact  surface  at  the  cloud  and  is 
determined  by  a  thermocouple.  Because 
of  the  acceleration  of  the  cloud,  the 
cloud-flow  interaction  is  observed 
with  an  RCA  931B  photomultiplier  view¬ 
ing  the  entire  length  of  the  test  sec¬ 
tion  windows.  The  signals  from  the 
pressure  transducer,  thermocouple  and 
photomultiplier  are  recorded  on 
Polaroid  film  with  a  chopped,  dual 
beam  Tektronix  oscilloscope  in  the 
single  sweep  mode.  A  typical  trace 
is  shown  in  Fig.  2(c). 

EXPERIMENTAL  RESULTS 

In  the  experiments,  Eastern 
Kentucky  bituminous  pulverized  coal 
was  used.  In  Table  I  the  ASTM  proxi¬ 
mate  and  ultimate  analyses  of  this 
coal  are  given.  Control  runs  were 
also  made  with  high  purity  electrode 
graphite  and  with  the  char  obtained 
from  the  proximate  analysis  of  the 
same  coal  as  that  used  in  the  tests. 
All  dusts  were  dessicated  first  and 
sieved  to  provide  size  ranges  of 
53/74,  37/53  and  less  than  37  microns. 
Tests  were  carried  out  in  nitrogen- 
oxygen  mixtures  with  oxygen  volume 
percentages  of  0,  21,  50  and  10056, 
Initially  at  33  klloPascals.  The 
Mach  numbers  employed  were  in  the 
range  4.1  to  4.8.  Contamination  of 
the  tube  Is  monitored  periodically 
using  runs  without  particles,  and  the 
tube  is  cleaned  when  needed.  For  each 


Figure  2.  Typical  Cloud  (a)  before, 

(b)  after  the  shock  wave. 

(c)  Typical  scope  record. 


TABLE  I.  ANALYSIS  OF  DESSICATED  COAL 
SAMPLE 

Proximate  Analysis  (as  fired) 


Inherent  Moisture  =  1.1% 
Volatile  =  28.0% 
Ash  =  26.8% 
Sulphur  =  1.3% 
Fixed  Carbon  =  42.8% 


Ultimate  Analysis  (moisture  free) 

C  =  58.5% 

H  =  3.9% 

N  =  1.2% 

0  =  8.0% 

S  -  1.3% 

Ash  *  27.1% 


acceptable  run  two  delay  times  were 

determined  from  the  oscilloscope  trace  of  the  photomultiplier.  Time  zero  Is 
taken  as  the  moment  collision  of  the  shock  with  the  cloud  as  marked  by  a 
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rapid  change  in  the  pressure  transducer  signal.  The  heating  delay  is  taken  as 
the  time  at  which  the  photomultiplier  output  first  starts  to  change,  while  the 
ignition  delay  is  taken  as  the  time  at  which  the  photomultiplier  output  shows 
a  sharp  increase. 

Delay  times  in  the  range  of  10  to  150  psec  were  observed.  Experiments 
resulting  in  delay  times  of  less  than  10  psec  were  discarded  due  to  limita¬ 
tions  in  the  time  resolution  of  the  experimental  arrangement.  The  time 
required  for  the  shock  wave  to  sweep  through  the  cloud  imposes  a  more  strin¬ 
gent  condition  on  temporal  resolution  than  the  bandwidth  of  the  electronics. 
From  Fig.  2(a)  it  can  be  seen  that  a  typical  cloud  has  a  dimension  of  less 
than  5  mm  in  the  flow  direction  which  yields  a  3  to  4  psec  sweep  time  for  the 
incident  shock  strengths  used  in  the  experiment. 

The  heating  and  the  ignition  delay  data  measured  in  the  experiments  are 
displayed  in  the  Arrhenius  plots  of  Figs.  3  and  4,  respectively.  The  delay 
times  are  plotted  against  the  non-dimensional  reciprocal  static -temperature  of 
the  post-shock  gases.  The  Mach  number  of  the  incident  shock  is  also  indicated 
on  the  abscissa.  As  is  to  be  expected,  the  delay  times  tend  to  decrease  with 
increasing  oxygen  concentration  and  increasing  incident  shock  Mach  number  or 
flow  temperature.  The  particle  size  dependence  of  the  delay  times  is  so  small 
as  to  be  indistinguishable  within  the  experimental  scatter. 


Figure  3.  Heating 
Delays  (line  shows 
the  theory  for 
nitrogen) 
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Figure  4.  Ignition 
Delays  (lines  show 
the  theory) 
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As  seen  In  Fig.  4,  the  photomultiplier  detects  radiation  even  for  parti¬ 
cles  In  pure  nitrogen.  This  set  of  data  was  therefore  interpreted  as  repre¬ 
senting  the  particle  heating  delay,  namely  the  time  required  for  the  particle 
surfaces  to  reach  a  temperature  sufficiently  high  to  emit  detectable  thermal 
radiation.  It  is  seen  in  Fig.  3  that  the  heating  delays  are  about  the  same 
for  pure  nitrogen  and  the  21%  oxygen  mixture.  However,  the  heating  delays  are 
much  shorter  for  mixtures  of  higher  oxygen  content.  As  will  be  discussed  be¬ 
low,  this  effect  may  be  due  to  the  ignition  of  smaller  particles  or  sharp 
particle  edges  prior  to  the  observed  heating  delay  time.  In  that  sense  the 
term  "heating  delay"  is  a  misnomer. 

It  can  be  seen  from  Table  I  that  the  volatile  content  of  the  coal  used 
here  is  28%  of  the  total  mass  or  39%  of  the  combustible  mass.  It  is  also 
known  that  for  most  applications,  the  early  stages  of  coal  combustion  are 
governed  by  the  release  and  combustion  of  volatiles  for  coals  of  this  much 
volatile  content.  To  determine  the  Influence  of  volatiles  for  the  shock  wave 
ignition, graphite  and  char  were  tested.  The  graphite  used  is  high  purity 
electrode  graphite  which  has  no  volatiles  and  a  very  small  porosity.  Char 
particles,  on  the  other  hand,  were  obtained  from  the  proximate  analysis  of  the 
coal  dust  used  in  the  above  tests  and  so  they  had  a  negligible  volatile  con¬ 
tent,  but  high  porosity.  The  results,  also  shown  in  Fig.  4,  indicate  that 
under  the  same  experimental  conditions  char  ignites  sooner  than  coal  while  the 
graphite  ignites  later.  The  behavior  of  the  char  supports  the  hypothesis  that 
heterogeneous  reactions  are  the  dominant  factor  in  shock  ignition.  The 
increased  Ignition  delay  of  the  graphite  is  probably  due  to  its  lack  of  poros¬ 
ity,  and  supports  the  idea  that  in  the  case  of  the  coal  and  char  particles 
heterogeneous  reactions  are  not  confined  to  the  surface  but  also  occur  in  the 
outer  layers  of  the  porous  particle  structure. 

THEORETICAL  ANALYSIS 

Interpretation  of  the  above  data  requires  a  detailed  analysis  of  the 
interaction  between  the  flow  and  the  dust  cloud,  and  of  the  performance  of  the 
electro-optical  system. 

After  the  incidence  of  the  shock  wave  the  cloud  is  in  a  supersonic,  high 
temperature  and  high  pressure  flow.  The  mean  free  path  of  the  post  shock 
gases  is  of  the  order  of  0.05  microns  so  that  the  relative  flow  will  be  in  the 
continuum  or  near-contlnuum  regime  for  most  particles.  It  has  been  observed 
that  the  shock  impact  disperses  the  Initial  cloud  (Fig.  2b).  In  part  this 
dispersion  is  a  consequence  of  the  particle  size  distribution  since  the  smaller 
particles  accelerate  more  rapidly.  In  the  simplified  analysis  presented  here 
it  Is  therefore  assumed  that  the  particles  are  so  widely  spaced  that  interac¬ 
tions  between  the  particles  can  be  neglected  and  a  single  particle  model  is 
valid.  Initially  particles  are  In  a  supersonic  flow  so  that  a  bow  shock 
stands  upstream  of  each  particle.  The  bow  shock  causes  an  additional  increase 
in  the  pressure  and  temperature.  Because  of  the  high  flow  velocity  around  the 
particle, pressure  also  varies  considerably  over  the  surface.  If  the  particle 
is  porous,  like  coal  or  char,  there  may  thus  be  a  flow  of  gas  into  and  through 
the  particle. 

Particle  heating  starts  at  the  Instant  of  shock  impact.  However,  as  the 
particle  accelerates  the  relative  convective  velocity  decreases  reducing  the 
rate  of  heat  transfer  to  the  particle,  and  eventually  the  bow  shock  disappears. 
The  time  required  for  the  particle  surface  to  reach  a  threshold  temperature 
that  Is  high  enough  for  the  particle  cloud  to  first  excite  the  electro-optical 
system  Is  defined  as  the  heating  delay  period.  When  the  right  conditions  are 
achieved,  the  exothermic  oxidation  reactions  occurring  near  the  particle  sur¬ 
face  will  result  In  a  rapid  temperature  rise,  which  causes  a  sudden  Increase 
In  the  photomultiplier  signal  thus  Indicating  the  end  of  the  ignition  delay 
period.  Due  to  the  high  convective  velocity  around  the  particle  the  Blot 
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number  for  coal  particles  is  of  order  unity;  hence,  convection  is  not  the  only 
process  limiting  the  rate  of  heat  transfer.  Temperature  variations  within  the 
particle  must  also  be  considered. 

Since  a  small  cloud  is  being  observed  in  this  experiment  the  radiative 
heat  transfer  among  the  particles  will  be  negligible  as  opposed  to  a  full 
fledged  combustion  wave  where  there  is  a  big  variation  of  particle  surface 
temperature  across  the  wave.  Also,  in  the  ignition  studies,  particle  temper¬ 
atures  are  relatively  low  during  most  of  the  pre-ignition  period  so  that 
radiative  heat  loss  to  the  shock  tube  walls  as  well  as  the  temperature  depen¬ 
dence  of  the  thermal  properties  of  the  particles  can  be  neglected. 

In  order  to  establish  a  simple  mathematical  model  it  would  be  helpful  to 
know  in  advance  whether  the  ignition  occurs  on  the  surface  or  in  the  gas  phase. 
Preliminary  studies  indicated  that  for  shock  Mach  numbers  between  4.1  to  4.8 
the  observed  ignition  delay  times  are  too  short  for  significant  devolatiliza¬ 
tion  to  occur.  According  to  the  Bazdioch  and  Hawksley  moden  less  than  3%  of 
the  volatile  content  is  released  within  the  delay  times  observed  here,  when 
the  highest  rate  constant  from  Anthony  and  Howard^  is  used  and  the  particles 
are  assumed  to  reach  the  post -shock  static -temperature  instantaneously.  This 
suggests  that  less  than  Mt  of  the  heated  coal  mass  is  volatilized  prior  to 
ignition.  Due  to  the  large  temperature  gradient  at  the  surface  volatiles  will 
be  generated  only  in  a  thin  outer  layer  of  the  particle.  At  the  same  time  the 
inward  flow  mentioned  earlier  will  tend  to  carry  these  volatiles  into  the 
particle  interior  where  it  is  too  cool  for  reaction.  Hence  the  actual  igni¬ 
tion  would  appear  to  be  due  to  surface  reactions.  This  conclusion  is  also 
supported  by  the  shock  tube  experiments  of  Hwang  and  Kathireshan3. 

A  crucial  problem  is  now  establishing  the  surface  area  available  for 
heterogeneous  reaction.  For  most  industrial  applications  the  porous  flow  of 
volatiles  within  coal  particles  is  now  recognized  to  be  important  for  accurate 
devolatilization  modeling.  In  shock  ignition,  however,  the  porous  flow  of 
oxidizer  Into  and  through  the  particle  becomes  important.  An  order  of  magni¬ 
tude  analysis  using  Darcy's  equation  gives  porous  flow  time-scales  of  the 
order  of  the  observed  ignition  delay  times,  for  typical  particle  sizes.  This 
flow  will  obviously  expose  the  pore  structure  to  fresh  oxidizer  and  make  the 
internal  surface  available  for  heterogeneous  reaction.  As  also  observed  in 
the  experiments  with  char  and  graphite,  the  internal  surface  area  will  thus 
be  an  Important  parameter  governing  the  shock  wave  ignition.  The  unsteady 
energy  equation  for  porous  media,  however,  reveals  that  the  contribution  of 
this  flow  to  heat  transfer  is  small  compared  to  conduction  in  the  solid  medium. 

Although  the  actual  shapes  of  coal  particles  are  random  in  nature  and  far 
from  spherical  they  are  assumed  to  be  spherical  in  the  analysis.  Furthermore, 
It  is  assumed  that  the  convective  heat  transfer  to  the  particle  can  be  repre¬ 
sented  by  an  average  heat  flux  calculated  from  the  instantaneous  recovery 
temperature  and  the  surface -average  film -conductance.  This  assumption  leads 
to  a  spherically  symmetric  temperature  distribution.  Although  the  uniform 
heat  flux  assumption  is  not  necessary,  replacing  the  particles  by  spheres 
Introduces  so  much  error  that  a  detailed  analysis  of  the  convection  about  the 
sphere  Is  not  justified. 

The  energy  equation  for  the  particle  is  then  reduced  to 


2l  *  a  ±  (rz  2l\  +  u'"Sr,t) 

3t  ^7  3r  \  3r /  pcC 


0<r<R  t  >  0 


The  source  term  u'"  accounts  for  the  Internal  heterogeneous  reaction  and  is 
given  by 

u"'(r,t)  =  Q  S1  pc  Po2  A  exp  [-  E/RT(r,t)]  ( 
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where  Si  and  Q  are  the  internal  surface  area  and  the  heat  of  combustion  per 
unit  mass,  respectively.  The  particle  motion  is  governed  by  the  equation 
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where  the  subscript  2  denotes  the  flow  properties  of  the  gas  behind  the  inci¬ 
dent  shock  wave.  The  drag  coefficient  Cq  has  been  determined  as  a  function 
of  Mach  and  Reynolds  numbers  using  the  empirical  correlations  of  Walsh°.  As 
discussed  above,  at  the  particle  surface  the  spherically  symmetric  boundary 
condition 


kc  %  (R,t)  =  h(t)  [Tr(t)  -  T(R.t)] 


(4) 


is  used.  The  heat  transfer  coefficient  h  and  the  recovery  temperature  Tr  vary 
with  time  as  the  particle  accelerates,  and  this  variation  has  a  significant 
effect  on  the  heat  transfer.  The  heat  transfer  coefficient  depends  on  the 
instantaneous  Mach,  Reynolds  and  Prandtl  numbers  and  is  calculated  using  an 
empirical  corre1ation7.  The  recovery  temperature  is  represented  by 
Tr  =  T3  +  r  (To3  -  T3),  where  T-j  and  T03  are  the  static  and  stagnation  temper¬ 
atures  just  behind  tne  bow  shock  on  the  axis  of  symmetry,  respectively,  and 
both  are  time  dependent.  The  value  0.92  is  taken  for  the  recovery  factor  r 
from  Ref.  8  for  near  continuum  flow  as  the  Knudsen  number  based  on  the  particle 
boundary  layer  thickness  is  less  than  0.05.  Finally,  assuming  that  the  ex¬ 
change  of  momentum  and  heat  between  the  gas  and  the  particles  have  negligible 
effect  on  the  gas  flow,  conventional  shock  relations  complete  the  formulation. 

A  finite  difference  scheme  is  developed  to  solve  the  resulting  set  of 
equations.  The  surface  reaction  rate  for  carbon  and  the  thermal  properties 
for  bituminous  coal  are  taken  from  Refs.  4  and  9,  respectively.  The  internal 
surface  area  per  unit  mass.  Si,  has  been  determined  using  the  data  of  Gan 
et  al.'°  for  the  carbon  content  of  the  coal  particles  as  given  in  Table  I. 

The  variation  of  computed  particle  surface  temperature  with  time  is  shown  in 
Fig.  5  for  37-micron  coal  particles  in  Mach  4.7  flows  with  four  different  gas 
compositions. 


A  sensitivity  analysis  has  been  carried  out  to  set  a  bound  to  the  contri¬ 
bution  of  the  volatiles  to  the  particle  ignition  behavior.  In  the  first  of 
the  two  limiting  cases  considered  the  volatiles. once  evolved, are  assumed  to 
burn  immediately  at  the  point  of  evolution.  This  effect  is  taken  into  account 


Figure  5.  Calculated  Surface 
Temperature 


by  an  additional  heat  source  term  in 
Eq.  (1).  In  the  second  case  volatiles, 
once  evolved,  are  assumed  to  migrate 
to  the  surface  and  burn  there  instan¬ 
taneously.  Thus  the  contribution  will 
be  through  the  addition  of  a  surface 
heat  source  term  to  the  boundary  condi¬ 
tion  (4),  which  involves  the  integral 
of  the  volatilization  rate  over  the 
particle  volume.  The  contribution  of 
volatiles,  although  more  In  the  second 
case  than  In  the  first,  is  insignifi¬ 
cant  In  both  cases.  When  the  hetero¬ 
geneous  reaction  term  Is  deleted  from 
the  computation  the  time  required  for 
particles  to  achieve  the  static  flow 
temperature  Is  more  than  twice  that 
calculated  considering  heterogeneous 
reaction  only,  even  when  the  oxidizer 
is  air. 


COMPARISON  OF  THEORY  AND  EXPERIMENT 


An  accurate  correlation  of  the  calculated  surface  temperature  curves  and 
the  measured  heating  and  Ignition  delays  requires  a  quantitative  study  of  the 
electro-optical  system  behavior.  In  this  section  a  simplified  model  to  inter¬ 
pret  the  photomultiplier  output  Is  presented  and  then  it  is  used  to  compare 
the  experimental  and  theoretical  results. 

The  photomultiplier  output  is  approximately  proportional  to  the  light 
flux  Incident  on  the  photosensitive  surface.  The  constant  of  proportionality, 
the  spectral  sensitivity,  varies  with  the  wavelength;  whereas  the  light  flux 
depends  on  the  intensity  and  the  angle  of  incidence  of  the  light.  While  a 
cloud  of  dust  particles  is  traversing  the  field  of  view  the  incident  light  flux 
received  by  the  photomultiplier  will  vary  with  time  because  the  angle  of  inci¬ 
dence  changes  with  the  particle  location,  and  the  intensity  changes  with  the 
particle  surface  temperature  and  the  distance  between  the  particle  and  the 
photomultiplier.  To  account  for  all  these  features,  the  electro-optical  sys¬ 
tem  output  Vpm,  Is  assumed  to  be  proportional  to  the  spectral  response  Sx,  the 
view  factor  Sa,  and  the  total  particle  surface  area  Ap  as  viewed  by  the  photo¬ 
sensitive  surface.  Then  it  fallows  that 
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The  spectral  response  Is  defined  as 

oo 

Sx  *  (  ex  <x’Tw>  Eb  <x’Tw>  Rx  ^  dx 


(5) 


(6) 


where  ex,  Ebx  and  Rx  are  the  spectral  emisslvlty  of  the  particles,  the  black 
body  spectral  power  given  by  the  Planck's  law  and  the  spectral  sensitivity  of 
the  photomultiplier,  respectively.  If  the  variation  of  ex  within  the  band¬ 
width  of  the  photomultiplier  is  negligible 
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where  the  bar  Indicates  the  average  quantity.  Taking  Rx ( a )  from  the  manu¬ 
facturer's  specifications  for  the  photomultiplier  sx(Tw)  is  computed  numer¬ 
ically  as  a  function  of  the  particle  surface  temperature.  The  view  factor, 
on  the  other  hand,  degenerates  Into  a  directional  sensitivity  curve,  as  the 
characteristic  cloud  dimension  is  much  less  than  the  optical  pathlength. 
Therefore  Sa  has  been  taken  as  the  photomultiplier  anode  voltage  V(xp)  as  a 
function  of  cloud  location  xp,  measured  by  moving  a  small  incandescent  lamp 
through  the  test  section.  Thus  the  photomultiplier  output  is 

vpm  «  5  «X<V  V(V  AP  {5a) 

By  deflnltlon.experlmental  heating  delays  correspond  to  a  minimum  detect¬ 
able  light  flux  on  the  photosensitive  surface  which  is  a  constant  threshold 
value.  Therefore,  If  ®Ap  Is  assumed  to  be  constant  for  the  same  type  and  size 
of  particles  then  ex(Tw)  V(xp)  must  also  be  a  constant  at  the  end  of  the  heat¬ 
ing  delay  time.  The  theoretical  model  presented  In  the  previous  section  Is 
used  to  determine  the  times  required  for  various  Mach  numbers  to  make  axV  a 
constant  whose  value  Is  chosen  to  give  the  best  fit  to  the  experimental  data. 
Results  for  heating  delays  In  nitrogen  are  shown  In  Fig.  3  for  37  micron 
particles. 

Experimental  Ignition  delays  were  identified  by  a  sharp  Increase  In  the 
photomultiplier  output.  It  Is  seen  In  Fig.  5  that  after  the  oxidation  becomes 
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significant  there  Is  a  similar  rapid  increase  also  in  the  calculated  surface 
temperature.  As  the  spectral  response  increases  exponentially  with  the  temper¬ 
ature  this  term  dominates  the  directional  sensitivity  term  in  this  regime,  and 
therefore  the  ignition  delay  data  corresponds  to  a  constant  particle  surface 
temperature.  The  theoretical  ignition  delay  times  calculated  this  way  are  not 
sensitive  to  the  value  of  this  constant  since  the  surface  heating  rates  are  very 
high.  The  theoretical  ignition  delay  times  are  displayed  in  Fig.  4  for  37 micron 
particles  in  3  different  gas  compositions. 

Particle  size  dependence  of  the  experimental  delay  times  are  more  moderate 
than  predicted  by  the  present  theory”.  At  the  coarse  end  of  the  particle  size 
spectrum  this  is  attributed  to  the  irregular  particle  shapes  and  the  non-sym- 
metricity  of  the  temperature  distribution  within  the  particle.  Depending  on  the 
local  radius  of  curvature,  particle  edges  as  well  as  the  vicinity  of  the  stagna¬ 
tion  points  of  the  flow  will  heat  up  faster  and  ignite  while  the  other  parts  of 
the  particle  are  still  cool.  On  the  other  hand,  for  the  fine  particles  the 
porous  flow  and  consequently  the  internal  reaction  will  be  less  than  antici¬ 
pated  by  the  present  theory,  therefore  resulting  in  longer  actual  delay  times. 
The  success  of  the  single  spherical-particle  analysis  thus  depends  on  the  choice 
of  the  representative  particle  size  which  must  result  in  an  effect  equivalent  to 
the  real  particles.  The  representative  size  of  37  microns  here  yields  good  agree¬ 
ment  between  experiment  and  theory. 

CONCLUSIONS 

Experimental  measurements  of  heating  and  ignition  delay  times  for  the  shock 
ignition  of  Eastern  Kentucky  bituminous  coal  have  been  made.  The  experimental 
results  and  the  theoretical  calculations  show  that  volatilization  is  not  signif¬ 
icant  for  the  short  delay  times  observed.  The  main  mechanism  of  ignition  appears 
to  be  heterogeneous  reaction  both  on  the  outside  and  within  the  porous  particles. 
Therefore  internal  surface  area  rather  than  the  volatile  content  becomes  a  key 
parameter  governing  the  shock  wave  ignition.  This  conclusion  is  also  supported 
by  the  shorter  delays  observed  for  char  since  it  has  a  much  lower  volatile  con¬ 
tent  and  more  internal  surface  area  than  coal.  A  simple  theoretical  model  based 
on  an  overall  first-order  heterogeneous  reaction-rate  without  adjusting  any 
parameters  provided  results  in  good  agreement  with  the  measurements. 
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ABSTRACT 

This  study  aimed  to  clarify  the  effects  of  the  fuel 
vapor,  which  had  evaporated  in  advance  and  formed  combusti¬ 
ble  mixture  around  the  condensed  phase,  on  the  ignition  of  a 
fuel  droplet  under  the  gas  dynamic  compression.  A  soap 
bubble  was  utilized  to  make  a  heterogeneously  distributed 
fuel  vapor  pocket  in  oxidizer  gas  which  offered  a  model  of 
the  vapor  cloud  around  the  fuel  droplet.  Induction  periods 
for  the  onset  of  strong  emission  were  measured  for  fuel 
droplets,  and  the  models  and  their  ignition  processes  were 
examined  precisely  by  means  of  the  interferometric  measure¬ 
ment  of  the  fuel  concentration  field. j— ' 

The  ignition  delays  of  a  fuel  droplet  and  a  pocket  show 
nearly  the  same  value  in  the  temperature  ranges  of  experi¬ 
ments.  Moreover,  the  results  of  the  interferometric  meas¬ 
urement  shows  that  the  ignition  process  of  a  droplet  is 
nearly  the  same  as  that  of  a  pocket.  In  both  cases  the  ig¬ 
nition  (flame)  first  appears  in  outer  end  of  the  vapor  cloud 
where  the  fuel  concentration  is  very  low,  then  it  spreads 
into  inner  part  of  the  cloud.  This  result  shows  that  the 
flame  first  appears  at  the  point  where  the  ignition  delay 
shows  its  minimum  in  the  system. 

1.  Introduction 

When  there  is  a  fuel  droplet  or  spray  in  air,  part  of  fuel  evaporates 
and  forms  combustible  mixture  around  the  condensed  phase  if  the  fuel  has  suf¬ 
ficient  vapor  pressure.  The  ignition  process  of  this  system  under  the  gas- 
dynamic  compression  is  a  problem  of  great  physical  importance,  for  it  consti¬ 
tutes  a  basis  for  the  understanding  of  the  combustion  process  of  spray  and 
film  detonations.  This  process  is  considered  to  be  different  from  that  of  a 
cool  fuel  droplet  suddenly  introduced  into  fuel  free  high  temperature  air. 
In  fact,  the  ignition- lags  of  a  fuel  droplet [1]  and  spray [2]  behind  reflected 
shock  waves  were  found  to  be  fairly  shorter  than  those  observed  in  furnaces. 
These  differences  are  surmised  to  come  from  the  effects  of  the  fuel  vapor 
which  has  evaporated  in  advance  and  has  formed  combustible  mixture  around  the 
condensed  phase.  Therefore,  this  study  aimed  to  clarify  the  effects  of  the 
fuel  vapor  on  the  ignition  process  of  a  fuel  droplet. 

In  this  work,  a  soap  bubble  was  utilized  to  make  a  heterogeneously  dis¬ 
tributed  fuel  vapor  pocket  in  oxidizer  gas  which  offered  a  model  of  the  vapor 
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cloud  around  the  fuel  droplet.  Induction  periods  for  the  onset  of  emission 
were  measured  for  fuel  droplets,  and  the  models  and  their  ignition  processes 
were  examined  precisely  by  means  of  the  interferometric  measurement  of  the 
fuel  concentration  field. 


2.  Experimental  Setup 

A  specially  designed  shock  tube  was  employed,  which  is  shown  in  Fig.  1, 
in  which  two  oppositely  facing  shock  waves  of  equal  strength  col lided  with  each 
other  at  the  center  of  the  test  section  and  produced  a  high  temperature  stag¬ 
nant  gas  region.  This  condition  is  just  the  same  as  that  behind  reflected 
shock  wave  but  there  is  no  end  wall  of  a  shock  tube.  Four  pressure  trans¬ 
ducers  are  equipped  to  trigger  the  light  source  for  high  speed  interferometric 
photography,  to  measure  the  shock  speed  of  the  incident  shock  wave  and  to  fol¬ 
low  the  pressure  at  the  center  of  the  test  section.  Induction  times  for  the 
onset  of  emission  are  measured  using  a  photomultiplier  tube  at  the  center  of 
the  test  section.  There  is  a  100mm  diameter  optical  glass  window  also  at 
its  center  through  which  high  speed  interferometric  photographs  are  taken. 

A  soap  bubble  was  utilized  to  make  a  heterogeneously  distributed  fuel  va¬ 
por  pocket  in  oxidizer  gas  which  offered  a  model  of  the  vapor  cloud  around  the 
fuel  droplet.  This  soap  bubble  and  the  fuel  droplet  are  hung  at  the  center 
of  the  test  section  of  the  shock  tube  which  are  shown  in  Fig.  2.  The  droplet 
is  hung  by  a  small  metal  hemisphere  (1mm  diameter)  at  the  tip  of  a  needle  of 
a  syringe,  on  the  other  hand,  the  soap  bubble  is  sustained  by  a  cone  (5mm  di¬ 
ameter)  at  the  tip  of  a  needle.  Ethylene  glycol  is  added  to  the  soap  suds  so 
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that  the  bubble  is  stable  under  the  low  pressure  condition  of  the  initial 
state  in  the  shock  tube. 

Normal  alkanes  were  used  as  representatives  of  fuels.  These  were  n-pen- 
tane  and  n-hexane  for  the  model  of  the  vapor  cloud  and  n-decane,  n-dodecane 
and  n-tetradecane  for  the  droplet.  Pure  oxygen  or  air  and  helium  were  used 
as  the  oxidizer  and  driver  gases  whose  pressures  were  2.0-6.7kPa  (15-50  Torr) 
and  0. 6-1. IMPa  (6.0-11  atm)  respectively.  From  these  conditions,  the  temper¬ 
ature  and  the  pressure  of  the  stagnant  region  ranged  from  1200-2600  K  and  from 
200-500  kPa  (2-5  atm)  respectively. 

3.  Results  and  Discussions 


3-1.  The  Whole  Process  of  the  Ignition  of  a  Fuel  Droplet 
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history  shows  a  weak  jump  at  20  psec  between  Photos.  2  and  3.  It  shows  a 
plateau  for  about  100  to  200  Msec,  then  increases  exponentially  to  its  maximum. 
Correspondingly,  Photo.  2  shows  upward  shift  of  fringes  which  represents  the 
compressed  fuel  vapor  cloud  while  they  turn  downward  in  Photo.  3,  that  is, 
the  cloud  has  burnt  between  these  photographs.  Photos.  4  to  8  show  mild 
evaporation  and  combustion  of  fuel,  then  the  definition  of  droplet  becomes  ob¬ 
scure  in  Photos,  from  9.  All  of  these  processes  are  considered  to  be  impor¬ 
tant  steps  in  the  ignition  of  a  fuel  droplet,  however,  this  study  mainly  con¬ 
cerns  initial  ignition  process  of  fuel  vapor  as  the  first  step  of  the  study  on 
the  ignition  process  of  a  fuel  droplet. 

3-2.  Fuel  Concentration  Distribution  in  the  Fuel  Vapor  Pocket 

Temporal  changes  of  fuel  concentration  distribution  after  the  soap  bubble 
had  been  ruptured  were  observed  by  means  of  interferometric  photography.  The 
result  is  shown  in  Fig. 4.  These  photographs  were  taken  every  10msec. 

Photograph  a  was  released  just  before  the  rupture  of  bubble.  It  was  done  by 

a  needle  which  appears  at  lower  right  in  the  photograph.  The  fuel  vapor  dif¬ 
fused  rapidly  au  shown  in  Photos,  b  to  f.  It  is  deduced  from  this  result 
that  the  equivalence  ratio  at  the  center  of  the  test  section  has  already  dec¬ 
reased  to  less  than  2.  On  the  other  hand,  calculation  of  unsteady-state 
molar  diffusion  shows  that  the  equivalence  ratio  is  2  at  10  sec.  Therefore, 
the  mixing  in  this  study  is  far  faster  than  molar  diffusion,  which  is  attri¬ 
butable  to  the  flow  induced  by  ruptured 'soap  bubble.  It  takes  1  to  3  sec 
from  the  rupture  of  the  bubble  to  the  collision  of  the  shock  waves  in  usual 
run,  so  that  the  shock  waves  compress  the  fuel  vapor  pocket  after  the  comple¬ 
tion  of  the  mixing  by  the  flow  but  before  the  effect  of  molar,  diffusion  becomes 
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Fig.  4  Diffusion  of  the  Fuel  Vapor  in  a  Pocket 


3-3.  Fuel  Concentration  Distribution  in  the  Ignition  Process 


Figures  5  and  6  show  concentration  distributions  in  the  ignition  proc¬ 
esses  of  the  pocket  and  the  droplet.  Downward  shifts  of  fringes  correspond 
to  increases  in  refractive  index  (i.e.  in  the  concentration  of  fuel)  in  these 
photographs.  Therefore,  the  fuel  concentrations  show  their  maxima  at  the 
center  of  the  test  section  in  these  photographs  and  decrease  as  increasing  the 
distance  from  the  center.  The  distributions  of  the  equivalence  ratio  and  the 
temperature  in  the  stagnant  region  behind  reflected  shock  waves  are  deduced 
under  the  following  assumptions;  (1)  The  field  is  one  dimensional,  (2) 
properties  behind  reflected  shock  waves  are  just  the  same  as  those  obtained 
when  the  mixture  is  compressed  by  a  pair  of  incident  and  reflected  shock  waves 
up  to  the  pressure  behind  the  reflected  shock  wave  calculated  in  fuel  free 
oxidizer  gas  from  the  measured  speed  of  the  incident  shock  wave,  (3)  the 
concentration  of  fuel  is  zero  at  the  end  of  the  tail  of  the  fringe.  The 
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first  assumption  is  satisfied  everywhere  except  in  the  region  just  behind  re¬ 
flected  shock  waves  where  boundary  layers  interact  with  them.  Therefore,  the 
end  of  the  tail  in  assumption  (3)  is  defined  at  the  inner  end  of  this  region. 
Regarding  the  second  assumption,  secondary  pressure  waves  are  generated 
when  a  shock  wave  propagates  into  a  region  where  there  is  a  concentration  dis¬ 
tribution.  However,  they  are  weak  in  gas  mixture  because  the  difference  in 
acoustic  impedance  is  small  between  gases.  Moreover,  a  rarefaction  wave  is 
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generated  as  a  secondary  wave  by  a  reflected  shock  wave  in  the  region  where  a 
compression  wave  has  been  generated  by  a  incident  shock  wave.  Therefore, 
this  assumption  is  considered  to  be  a  good  approximation  in  this  study.  The 
third  assumption  was  confirmed  by  integrating  the  concentration  distribution 
obtained  under  these  assumptions.  The  amount  of  fuel  estimated  by  the  inte¬ 
gration  agrees  fairly  well  with  that  in  the  soap  bubble  for  the  case  of  the 
fuel  vapor  pocket.  On  the  other  hand,  the  concentration  of  fuel  at  the  cen¬ 
ter  of  the  test  section  is  lower  than  one  calculated  from  the  saturated  vapor 
pressure  of  the  fuel  at  initial  temperature  for  the  case  of  a  droplet.  Howev¬ 
er,  the  integrated  sum  of  fuel  evaporated  is  about  10%  of  initial  droplet  and 
the  error  is  considered  to  be  small  if  it  is  assumed  that  the  latent  heat  for 
evaporation  has  been  supplied  from  the  droplet.  Deduced  distributions  of  the 
equivalence  ratio  and  the  temperature  are  also  shown  in  Fig.  5  and  6. 

xr  indicates  the  released  time  of  the  photograph  in  these  figures  and  T ^ 
represents  the  ignition  delay  in  the  same  mixture.  Photographs  (b)  in  these 
figures  were  both  released  short  times  after  the  onsets  of  emission  in  which 
fringes  were  disturbed  at  the  outer  end  of  the  tails.  These  disturbances  are 
considered  to  show  the  existence  of  flame.  On  the  other  hand,  Photo,  (a)  in 
Fig.  5  was  released  just  after  the  onset  of  emission  in  which  there  was  not 
any  distinguishable  signal  in  fringes.  These  results  show  that  the  ignition 
process  of  a  droplet  is  nearly  the  same  as  that  of  a  fuel  pocket.  In  both 

cases  the  ignition  (flame)  first  appears  in  outer  end  of  the  vapor  cloud  where 
the  fuel  concentration  is  very  low,  then  it  spreads  into  inner  part  of  the 
cloud.  Considering  the  resolution  of  fringe  shift,  the  equivalence  ratio  at 
the  ignition  point  was  estimated  to  be  smaller  than  0.01  in  oxygen  and  to  be 
smaller  than  0.05  in  air.  The  ignition  delays  of  several  suturated  higher 
hydrocarbons  from  butane  to  octane  were  examined  in  a  previous  work[3].  The 
result  showed  that  ignition  delays  of  lean  mixtures  with  oxygen  (and  inert  gas) 
strongly  depended  on  temperature  but  were  independent  of  fuels  and  their  con¬ 
centrations  except  ones  of  extremely  lean  mixtures.  Therefore,  it  is  con¬ 
cluded  that  the  flame  first  appears  at  the  point  where  the  ignition  delay 
shows  its  minimim  in  the  system. 
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Evaporation  and  oxidation  of  the  body  of  a  fuel  droplet  follow  the  ig¬ 
nition  and  combustion  of  the  fuel  vapor  cloud  around  it  and  are  considered  to 
be  controlled  by  the  combustion  of  the  cloud.  These  processes  are  being  stu¬ 
died'  now  and  the  result  will  be  reported  in  the  near  future. 

3-4.  Ignition  Delays  of  a  Fuel  Pocket  and  a  Droplet 

The  ignition  delay  is  defined  here  as  a  time  interval  between  the  colli¬ 
sion  of  incident  shock  waves  and  the  weak  jump  in  the  emission  history  which 
is  shown  in  Fig.  3.  Therefore,  this  induction  time  corresponds  to  the  onset 
of  reaction  in  outer  end  of  the  vapor  cloud.  The  ignition  delays  of  a  fuel 
vapor  pocket  and  a  fuel  droplet  were  measured  for  wide  temperature  ranges. 
The  results  for  a  n-hexane  vapor  pocket  and  a  n-tetradecane  droplet  are  shown 
in  Figs.  7  and  8  in  which  ignition  delays  have  been  normalized  to  a  typical 
experimental  condition  of  oxygen  concentration  under  the  assumption  that  the 
ignition  delay  is  inversely  proportional  to  oxygen  concentration.  This  as¬ 
sumption  is  based  on  the  result  of  the  previous  work[3]  in  which  ignition  de¬ 
lays  of  homogeneous  mixtures  of  hydrocarbon  fuels  and  oxygen  were  studied. 
Using  the  least  square  method,  these  ignition  delays  have  been  represented  by 
straight  lines,  which  are  shown  in  Fig.  9.  The  results  for  a  n-pentane  vapor 
pocket  and  n-decane  and  n-dodecane  droplets  coincide  respectively  with  those 
for  a  n-hexane  vapor  pocket  and  n-tetradecane  droplet.  Therefore,  they  have 
been  included  respectively  in  the  ignition  delays  of  a  pocket  and  a  droplet  in 
the  figure.  The  result  for  the  homogeneous  mixture[3]  is  also  shown  in  it. 

The  temperature  dependency  of  the  ignition  delay  of  a  pocket  is  slightly 
smaller  than  that  of  a  droplet  but  they  show  nearly  the  same  values.  On  the 
other  hand,  the  ignition  delay  of  the  homogeneous  mixture  is  more  than  an  or¬ 
der  of  magnitude  shorter  than  those  studied  here  and  the  temperature  dependen¬ 
cy  is  about  twice.  The  induction  time  in  the  homogeneous  system  consists  on¬ 
ly  of  delays  of  chemical  origin  but  those  in  the  heterogeneous  systems,  such 
as  a  vapor  pocket  and  a  droplet  studied  here,  include  ones  of  physical  origin 
as  well.  The  ignition  first  appears  in  outer  end  of  the  vapor  cloud,  as  men- 
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tioned  in  section  3-3,  the  chemical  process  is  considered  to  be  the  same  as 
that  in  homogeneous  system.  Therefore,  the  difference  between  these  systems 
is  considered  to  be  in  physical  processes.  The  most  dominant  physical  delay 
is  surmised  here  to  be  the  time  required  for  reflected  shock  waves  to  arrive 
at  outer  end  of  the  vapor  cloud.  Although  the  physical  processes  of  heat 
transfer,  evaporation  and  diffusion  are  really  important  in  the  processes  of 
combustion  of  condensed  phase,  they  participate  only  in  later  processes  and 
are  controlled  by  the  combustion  of  vapor  cloud  around  the  condensed  phase. 

4.  Conclusions 

The  ignition  processes  of  a  fuel  droplet  and  its  model  were  studied  pre¬ 
cisely  and  the  observations  were  made; 

(1)  A  heterogeneously  distributed  fuel  vapor  pocket  in  oxidizer  gas 
formed  by  means  of  a  soap  bubble  offers  a  good  model  of  the  vapor  cloud  an  and 
a  fuel  droplet. 

(2)  The  ignition  (flame)  first  appears  in  outer  end  of  the  vapor  cloud 
where  the  fuel  concentration  is  very  low. 

(3)  This  process  is  independent  of  the  existence  of  condensed  phase. 

(4)  The  ignition  process  of  the  body  of  a  droplet  proceeds  in  the  burnt 
gas  of  the  vapor  cloud  and  is  controlled  by  the  ignition  and  combustion  pro¬ 
cesses  of  the  cloud. 
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SHOCK  INITIATED  IGNITION  IN  HEPTANE-OXYGEN-ARGON  MIXTURES 
Alexander  Burcat 
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Technion  -  Israel  Institute  of  Technology,  Haifa  32000,  Israel 

Richard  F.  Farmer  and  Richard  A.  Matula 
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The  ignition  of  heptane  in  mixtures  containing  oxygen  and 
argon  was  studied  behind  reflected  shock  waves  in  56  mm 
i.d.  and  26  mm  i.d.  single  -pulse  shock  tubes.  The 
measurements  covered  the  temperature  range  1100-1700  K  and 
reflected  shock  pressures  varying  from  2  to  12 
atmospheres.  JL  The  experimental  results  of  140  shocks,  whose 
ignition  delay,  times  were  measured  at  the  end  plate  in  the 
large  shock  tube,  can  be  correlated  by  the  relationship 

T  =6.3  *10'12  exp(+35300/RT)[C7H16]°‘2  |02]“1*1  [Ar]0,<sec 

In  the  26  n«n  shock  tube,  the  detection  point  was  located 
~80  ran  from  the  end  plate  and  the  induction  times  were 
correlated  by  different  parameters.  These  parameters  were 
influenced  by  gas  dynamic  effects  caused  by  the  combustion 
process.  Previous  results  are  discussed  in  view  of  this 
behavior. 

INTRODUCTION 

Heptane  is  considered  as  a  very  important  hydrocarbon.  It  is  the  largest 
constituent  of  kerosine  and  in  some  cases  may  reach  up  to  25%  of  the  kerosine 
distillate.  Therefore  heptane  is  considered  as  a  good  representative  of 
kerosine  and  studying  its  ignition  and  oxidation  has  always  been  of  great 
practical  interest. 

A  large  number  of  investigations  dealing  with  the  oxidation  of  heptane 
were  carried  out.  Even  though  these  investigations  are  limited  to  shock 
tubes  and  high  temperature  flow  reactors  the  subject  is  well  covered1-®. 
Most  of  the  papers  deal  with  n-heptane  by  comparing  it  to  other  fuels1-^, 
but  some  are  devoted  entirely  to  n-heptane  oxidation®-®. 

This  investigation  is  in  line  with  earlier  ignition  and  kinetic  studies 
of  methane?,  ethane®,  propane9,  and  ethylene1®,  whose  aim  was  to 
establish  a  well-defined  overall  correlation  and  on  the  basis  of  which 
detailed  kinetic  mechanisms  have  been  published11-1®.  An  additional 
purpose  was  to  compare  ignition  delay  data  obtained  at  the  end  plate  to  data 
obtained  on  the  side  wall  of  the  tube.  A  detailed  kinetic  mechanism  on 
n-heptane  was  reported  by  Williams®  and  his  scheme  was  considered  in  this 
study. 
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EXPERIMENTAL 

Two  different  shock  tubes  were  employed  in  this  research.  The  Technion 
shock  tube  was  stainless  steel,  54  mm  in  diameter  with  a  4  meter  long  driven 
section.  The  tube  was  described  in  literature*^ .  The  shock  speed  was 
calculated  from  time  intervals  obtained  between  two  Kistler  piezoelectric 
transducers  200  tm  apart.  The  time  intervals  were  measured  to  ±0.1  ysec.  A 
third  Kistler  603A  transducer  located  at  the  end  plate  was  used  to  record  the 
pressure -time  history  of  the  experiment.  The  signal  of  the  pressure  was  fed 
into  a  Biomation  805  transient  recorder  on  which  the  ignition  delay  times 
were  recorded  with  2%  accuracy. 

The  LSU  tube  was  a  26-mn  glass  single-pulse  shock  tube^.  In  this  tube 
pressure  was  measured  with  a  Kistler  603A  piezoeletric  transducer  located 
79.5  mm  from  the  end  plate  of  the  shock  tube.  The  output  of  the  transducer 
was  recorded  from  a  Tektronix  561A  oscilloscope  on  Polaroid  film.  The 
ignition  delay  times  were  signified  by  the  onset  of  the  ignition  pressure  and 
could  be  read  with  5-10%  accuracy.  Incident  shock  speeds  were  measured  using 
piezoelectric  pressure  transducers  to  trigger  the  start  and  stop  channels  of 
interval  timers.  Transient  times  between  transducers  20  inches  apart  were 
measured  to  +1  ysec. 

In  both  shock  tubes  the  materials  used  were  "Merck"  spectrochemical 
n-heptane,  Matheson  99.95%  pure  oxygen  and  99.99%  pure  argon.  Airco  helium 
was  used  as  the  driving  gas.  All  materials  were  used  without  further 
purification.  The  n-heptane  vapors  were  used  to  prepare  mixtures  in 
stainless  steel  tanks  at  5  atmospheres  pressure.  The  mixtures  were  allowed 
to  mix  for  a  minimum  of  24  hours  before  use. 

The  enthalpies  of  n-heptane  for  the  calculation  of  the  reflected  shock 
temperature  were  taken  from  API  Project  44*^  and  extrapolated  to  the 
1000-2600  K  range  with  the  use  of  Wilhoit's  polynomials*®.  The  oxygen 
enthalpies  were  taken  from  JANAF  tables*?  and  the  argon  enthalpies  from 
NASA  SP  3001  tables*®.  The  reflected  shock  temperatures  were  calculated 
using  the  standard  conservation  equations  and  the  ideal  gas  equation  of  state 
assuming  frozen  chemistry. 

RESULTS 

Table  I  represents  the  15  series  run  with  the  6  different  mixtures  of 
n-heptane-oxygen-argon  at  the  different  pressure  and  temperature  conditions. 
The  mixtures  were  made  in  such  a  way  as  to  permit  direct  delineation  of  the 
power  dependencies  of  the  ignition  delay  times  investigated.  The  general 
overall  ignition  delay  equation  was  assumed 

T  -  L0'X  exp(+E/j?T)[C, H  la  [0,]b[Ar]C  sec 

In  each  shock  performed  in  a  mixture  of  known  concentration  the  ignition 
delay  time  T  and  the  reflected  temperature  Ts  are  recorded.  The  experiments 
were  spread  over  the  temperature  range  in  such  a  way  as  to  permit  maximum 
accuracy  to  the  parameters  evaluated,  according  to  the  method  used  in  former 
investigations?-***.  Approximately  280  shocks  were  recorded  half  of  which 
were  Technion  results,  and  half  were  LSU  results. 

Of  the  140  shocks  performed  at  the  Technion,  113  are  represented  in  Figure 
1  and  2  as  log  T  vs  1/TS.  The  a  and  b  dependencies  of  heptane  and  oxygen 
respectively  are  presented  in  Fig.  1  by  groups  C-E  and  C-F.  In  Fig.  2  the 
overall,  as  well  as  the  argon  dependency,  are  presented  by  groups  B-D  and 
D-G,  respectively. 
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TABLE  I 


DETAILS  OF  GROUPS  OF  EXPERIMENTS  OF  n-HEPTANE -OXYGEN- ARGON-MIXTURES 

TECHNION  EXPERIMENTS 


Series 

Concentrations 
%  mole 

C7H16  °2 

No. 

of  exp. 

t5  k 
range 

Pi 

torr 

Average 

C5  x  105 
moles/cc 

Symbo 1 

A 

1 

11 

13 

123  9-1419 

100 

4.1 

• 

B 

1 

11 

19 

1273-1788 

50 

2.2 

□ 

C 

0.5 

11 

20 

1247-1530 

100 

3.6 

o 

D 

1 

11 

17 

1220-1570 

200 

8.4 

A 

E 

2 

11 

17 

1265-1635 

100 

5.2 

A 

F 

0.5 

2.8 

18 

1443-1759 

100 

3.6 

0 

G 

3 

33.1 

16 

1143-1464 

50 

3.6 

X 

LSU  EXPERIMENTS 


A 

2 

11 

17 

1189-1342 

100 

6.0 

O 

B 

0.5 

11 

19 

1205-1320 

100 

3.6 

X 

C 

0.5 

2.8 

19 

1366-1582 

100 

3.6 

• 

D 

1 

11 

16 

1261-145 0 

50 

2.1 

A 

E 

1 

11 

15 

1159-1288 

200 

8.0 

■ 

F 

1 

11 

15 

1163-1331 

100 

3.9 

V 

G 

3 

33.1 

20 

1087-1200 

50 

4.1 

□ 

H 

0.61 

6.7 

15 

1222-1389 

100 

3.5 

A 

Fig.  1: 

Log  t  vs  l/r5 
showing  graphi¬ 
cally  the 
heptane  and 
oxygen  power 
dependencies. 
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Figure  2: 

Log  T  vs  l/Tj  showing  the 
overall  and  the  argon 
power  dependencies. 


All  113  experiments  were  treated  with  a  student  t  statistical  program 
published  elsewhere^.  the  values  obtained  for  -99  shocks  with  a  20  spread 
around  the  central  value  were 


6.3  x  l(f 12  exp (+(35300  ±  1900) /rt)  [C^Hj 


0.2 


[o2r 


i.i 


[Ar]°‘6  sec 


A  similar  value  within  the  same  error  limit  was  obtained  for  110  shocks  with 
a  30  spread  around  the  central  value.  These  values  can  be  verified 
graphically  on  Figures  1  and  2  as  explained  in  earlier  articles? >9. 

Figure  3  is  a  plot  of  log  T /( [C?H  16  )  °’2  [02  ]  1-1  [Ar]0'4)  vs  l/r5  for  110 
points  showing  the  3 c  spread  around  the  evaluated  statistical  line. 
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Of  the  8  groups  of  experiments  performed  at  LSU ,  128  shocks  were  included 
in  the  statistical  analysis  and  they  are  presented  in  Figure  4  with  a  3a 
spread. 

The  result  of  the  statistical  correlation  for  the  128  shocks  whose 
ignition  was  measured  80  mm  downstream  from  the  end  plate  of  the  driven 
section  is 


T  =  1 . 2  x  10" 20  * 1  *3  exp  (+(56000  ±  4300)  /rt)  [C? H  ]  0 *7  *  0 ,2  [  02 ]  ‘ 2 *°  [Arf ,1? ±0‘2  2  sec 

In  Figure  4  log  T  / ( 1 C  7  H  ]°'7  [02  ]  2'°  )  vs  1/  Ts  is  drawn  for  all  128 
experiments  and  the  above  correlation  line  is  shown. 


Figure  4: 

A  plot  of  log  8  vs  l/r5 
for  data  gathered  79  mm 
away  from  the  end  plate 
(LSU  data). 


Table  2  gives  details  of  3  representative  shocks  of  each  group  of  the 
Technion  experiments. 

Table  3  shows  a  comparison  between  shocks  run  at  the  Technion  and  at 
LSU  having  approximately  the  same  pressure  and  temperature  conditions,  in 
mixtures  of  the  same  concentrations.  From  the  comparison  it  is  clear  that 
the  experiments  measured  at  the  side  wall  away  from  the  end  plate  have 
shorter  ignition  delay  times  than  those  measured  at  the  end  plate.  This  is 
true  in  all  cases  despite  the  scatter  of  the  results. 

DISCUSSION 

In  this  research  two  series  of  experiments  are  presented,  the  Technion 
data  performed  in  the  conventional  way  with  the  ignition  delay  time  measured 
at  the  end  wall,  and  those  performed  at  LSU  in  a  small  diameter  tube  with  the 
pressure  transducer  located  79  mm  from  the  end  plate. 

The  differences  found  in  the  ignition  delay  correlation  are  dramatic. 

a)  The  activation  energy  is  56  kcal  compared  to  35.3  on  the  end  plate. 

b)  The  power  dependencies  are  also  drastically  increased:  a  *  0.7 
compared  to  0.2,  b  *  -2.0  compared  to  -1.10  and  c  ■  0  compared  to  0.6. 

These  differences  are  caused  by  the  location  of  the  diagnostic  transducer. 
The  ignition  is  measured  away  from  the  end  plate  in  a  region  raised  to  the  Ts 
temperature  at  different  times  before  .he  event.  If  the  ignition  occurs  at 
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the  end  plate  until  it  reaches  the  transducer,  the  time  will  be  shorter  than 
the  natural  time  on  the  end  plate.  This  is  caused  by  the  fact  that  once  a 
flame  is  started  at  the  end  plate  it  is  driven  forward  by  the  burned  gases 
and  by  the  additional  reflected  waves  coming  from  the  narrow  tube  walls 
causing  turbulence.  Thus  the  flame  becomes  turbulent  arriving  to  the 
detection  transducer  earlier  than  it  normally  should  have.  This  should  be 
the  explanation  for  the  different  parameters  obtained.  Of  course  the 
"correct"  values  should  be  the  ones  measured  at  the  end  wall  while  the  ones 
measured  79  mm  dowrstream  show  the  influence  of  the  gasdynamics  of  a 
turbulent  flame. 


TABLE  2 

THREE  REPRESENTATIVE  SHOCKS  FROM  EACH  SERIES  OF  EXPERIMENTS 
PERFORMED  AT  THE  TECHNION 


Series 

Shock 

No. 

Composition  % 

C7«16  °2 

Pl 

torr 

P 

5 

atm 

T 

5 

K 

P5/Pl 

Us 

mm/ysec 

T 

ysec 

6 

1 

11 

116 

4.66 

1260 

7.27 

.3778 

323 

A 

10 

1 

11 

105 

5.17 

1410 

7.95 

.3913 

70 

14 

1 

11 

103 

4.52 

1323 

7.56 

.3835 

170 

22 

1 

11 

50 

2.03 

1268 

7.30 

.3785 

647 

B 

29 

1 

11 

70 

3.15 

1341 

7.64 

.3851 

155 

37 

1 

11 

50 

3.08 

1602 

8.75 

.4077 

25 

41 

0.5 

11 

100 

3.81 

1311 

6.62 

.4014 

200 

C 

45 

0.5 

11 

101 

3.51 

1245 

6.37 

.3946 

330 

57 

0.5 

11 

100 

4.81 

1503 

7.30 

.4206 

27 

64 

1 

11 

20  0 

9.23 

1361 

7.73 

.3869 

87 

D 

65 

1 

11 

200 

8.34 

1286 

7.39 

.3801 

200 

75 

1 

11 

200 

11.81 

1565 

8.61 

.4046 

12 

88 

2 

11 

100 

5.01 

1257 

9.08 

.3470 

452 

E 

90 

2 

11 

101 

7.95 

1595 

11.24 

.3714 

14 

93 

2 

11 

100 

6.17 

1401 

10.04 

.3578 

95 

105 

0.5 

2.8 

100 

5.17 

1661 

7.10 

.4460 

44 

F 

114 

0.5 

2.8 

99 

4.07 

1443 

6.50 

.4242 

303 

118 

0.5 

2.8 

100 

4.43 

1509 

6.69 

.4310 

190 

123 

3 

33.1 

53 

4.42 

1342 

14.17 

.3189 

39 

G 

136 

3 

33.1 

55 

3.25 

1137 

11.83 

.3063 

490 

138 

3 

33.1 

51 

3.70 

1254 

13.19 

.3135 

142 

Oppenheim  et  al . ^ . 2  have  suggested  that  ignition  causes  definite 
misreadings  of  the  measurement.  This  is  perfectly  true  because  Oppenheim  did 
his  measurements  a  few  centimeters  from  the  end  plate  and  he  encountered  the 
same  problems  that  were  encountered  in  the  shocks  performed  at  LSU. 

Comparison  of  the  n-heptane  parameters  with  those  found  previously  for 
other  parafins?-?  shows  the  following  similarities  and  differences:  a  -  the 
argon  power  dependency  previously  found  in  other  parafins  to  be  zero,  is  here 
0.6;  b  -  the  oxygen  power  dependency  is  the  same  as  in  methane?,  ethane? 
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and  propane®;  c  -  the  fuel  power  dependency  ia  small  as  in  the  other 
cases.  The  very  weak  power  dependence  of  the  fuel  was  traditionally 
explained  as  a  result  of  a  mechanism  where  the  first  initiating  reaction  is 
the  decomposition  of  the  fuel  followed  by  a  branching  reaction  involving  no 
fuel  molecule,  H  +  02  OH  +  0,  and  the  following  steps  being  the  reactions 
of  the  0  and  OH  radicals  with  the  fuel  parent-molecule. 


TABLE  3 

IGNITION  DELAY  TIME  COMPARISON  BETWEEN  TECHNION 
AND  LSU  EXPERIMENT  SETS 


Concentration  X  Pj  LSU  Experiments  Technion  Experiments 

02  torr  TK  T  psec  T  K  T  psec 


0.5 

2.8 

100 

1576 

18 

1579 

115 

1526 

65 

1530 

128 

1445 

180 

1443 

303 

1 

11 

50 

1428 

30 

1428 

87 

1365 

90 

1368 

213 

1261 

500 

1268 

647 

1 

11 

100 

1331 

30 

1323 

170 

1288 

95 

1286 

457 

1261 

135 

1261 

323 

1 

11 

200 

1288 

15,15,40 

1287 

200 

1240 

85 

1234 

291 

2 

11 

100 

1313 

95 

1309 

244 

1317 

231 

1255 

285 

1257 

452 

3 

33.1 

50 

1200 

145 

1205 

224,238 

1176 

220 

1174 

347 

1137 

220 

1137 

490 

The  activation  energy  obtained  at  the  Technion,  35.3  kcal/mole,  is  the 
exact  value  of  the  lean  mixture  of  Coats  and  Williams®.  In  our  research 
the  activation  energy  was  the  same  for  lean  and  rich  mixtures.  The  high 
activation  energy,  45.2  kcal/mole  for  rich  mixtures,  found  by  Williams,  is 
undoubtedly  caused  by  the  location  of  his  observation  point  12.5  mn  from  the 
end  plate.  The  LSU  experiments  show  that  higher  activation  energies  are 
obtained  this  way  and  the  richer  the  mixture  the  higher  the  activation  energy. 

Williams®  also  could  not  correlate  his  experiments  but  proposed  a 
relationship 

T  -  [C^l^expC+SSSOO/RT) 

which  is  very  puzzling.  Again,  the  experiments  made  at  LSU  indicate  the 
possibility  of  a  high  fuel  power  -  dependency  to  be  obtained  if  the  location  of 
the  detection  station  is  away  from  the  end  plate. 
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The  kinetic  scheme  of  Coats  and  Williams^  assumes  a  pyrolitic 
degradation  of  heptane  as  well  as  a  degradation  of  heptane  to  heptanyl 
radical  C^Hjj.  The  real  oxidation  occurs  to  C2  molecules  and  radicals.  They 
ignore  any  oxidation  possible  between  radicals  or  molecules  like  C3H?  ,  etc., 
known  to  be  of  great  importance^.  Coats^l  chose  C7H16  ->•  C5  Hu  +  CjHsto 
be  the  first  reaction  in  the  kinetic  scheme  rather  than  the  other  two 
possibilities  C7Hj$-»-  C6Hj3  +  CH3  and  C7Hjj->-C4H9  +  C3H7,  on  the  basis  that 
it  has  the  minimal  endothermicity  among  the  three  reactions.  However,  since 
the  source  for  these  data^2  is  highly  unreliable  for  this  kind  of 
comparison,  the  choice  looks  like  a  purely  arbitrary  one  and  so  it  was 
presented  6.  The  table  of  rate  constants  given  in  the  article^  is 
insufficient  to  reconstruct  the  kinetics  since  a  large  number  of  important 
reactions  was  omitted,  for  example,  H  2  +  0  -*•  H  +  OH,  which  is  as  important 
as  H  *  02  -*•  0  +  OH.  The  rate  constants  are  similar  to  those  gathered  by 
Bahn23  and  can  be  adjusted  to  fit  the  oxidation  kinetics.  Thus,  although 
Coats'  full  scheme^!  is  arbitrarily  chosen,  it  is  a  fair  scheme  and  it 
reproduces,  after  some  adjustments,  the  oxidation  of  heptane. 
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An  experimental  and  analytical  investigation  of  the  ignition 
of  ethanol-oxygen-argon  mixtures  behind  reflected  shock 
waves  was  carried  out  over  the  temperature  range  1300-1700K 
at  pressures  of  1.0  and  2.0  atm  and  equivalence  ratios  of 
0.5,  1.0  and  2.0.  In  the  experimental  investigation,  igni¬ 
tion  was  identified  by  the  emission  of  visible  light  in  a 
shock  tube.  The  time  interval  between  the  arrival  of  the 
incident  shock  at  the  end  flange  and  the  subsequent  ignition 
indicated  by  the  first  visible  light  emission  was  reckoned 
as  the  ignition  delay.  The  experimental  ignition  delay  (t) 
data  were  found  to  correlate  with  initial  ethanol  and  oxygen 
concentrations  (mole/cc)  and  with  initial  temperature  (K),  by 
the  relationship: 


t  *=  1.0xl0"15exp  (159.8  kJ  /RT)  [c^OH]  °  ‘ 1  [bj  U,/;>[Ar[ 

56  step  kinetic  model  for  ethanol  oxidation  in  the  above 
temperature  range  was  assembled  using  published  rate  coef¬ 
ficient  data  wherever  available  and  estimated  data  for  the 
reactions  which  have  not  been  studied.  Theoretical  igni¬ 
tion  delays  were  evaluated  from  the  concentration  profiles* 
based  on  the  time  at  which  the  OH  and  C02  concentrations  n" 
reach  a  value  of  2x10”^  mole/cc  individually  compared  with  J 
the  experimental  ignition  delay  data  of  Cooke  et  al.  QQ 
which  were  based  on  emissions  from  OH  and  C02. 


1-0.75, 


t-0.25 


INTRODUCTION 


Methanol  and  ethanol  have  the  potential  to  be  widely  used  as  practical 
fuels  for  transport  applications.  They  are  replenishable  fuels  with  reduced 
pollutant  emissions.  When  compared  to  methanol,  little  is  known  about  the  com¬ 
bustion  mechanism  of  ethanol  at  high  temperatures.  Fundamental  aspects  of  the 
combustion  of  ethanol  will  be  helpful  in  developing  a  better  understanding  of 
energy  utilization  and  pollutant  formation. 

Experimental  information  on  the  high  temperature  ignition  of  ethanol  is 
scant.  Mullins  QQ  measured  ignition  delays  of  a  number  of  alcohols  burning 
with  air  in  the  temperature  range  1050-1300K  and  obtained  their  activation 
energies.  Cooke  et  al.  lYl measured  Ignition  delays  of  stoichiometric  ethanol- 
*  Permanent  address:  A.  C.  College  of  Technology,  Perarignar  Anna  University 
of  Technology,  Madras-600  025,  India. 
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oxygen-mixtures,  diluted  with  95%  argon,  In  the  temperature  range  of  1330-1670K 
and  In  the  pressure  range  of  200-300  Torr  using  Incident  shock  waves.  Their 
Ignition  delay  data  were  based  on  emissions  from  OH,  CH  and  CO2. 

EXPERIMENTAL  INVESTIGATIONS 

A  stainless  steel  shock-tube  of  71  mm  Inside  diameter  and  1A  mm  wall  thick¬ 
ness,  with  3  m  long  driver  section  and  5  m  long  test  section  was  used  in  this 
investigation.  Aluminium  foils  of  0.075  mm  thickness  were  used  as  diaphragm 
material.  A  pneumatically  operated  plunger  was  used  to  rupture  the  diaphragm 
for  any  given  driver  pressure.  The  end  flange  of  the  test  section  was  equipped 
with  a  glass  window  and  a  piezoelectric  pressure  transducer.  A  photomultiplier 
tube  (RCA  931-A)  kept  in  line  with  the  window  received  the  light  emitted 
through  a  lens  system.  Fig.  1  gives  a  schematic  diagram  of  the  experimental 
set-up.  A  detailed  description  of  the  experimental  set-up  is  given  in  ref. [3]. 

High  purity  (99.99%)  ethanol,  oxygen  and  argon  were  used  for  preparing  the 
test  gas  mixtures.  Hydrogen  was  used  as  the  driver  gas.  The  test  gas  mixtures 
were  prepared  manometrically  using  the  law  of  partial  pressures  and  stored  in 
an  aluminium  cylinder  of  25  liters  capacity  at  2  atm  pressure.  The  mixtures 
were  prepared  at  least  2 A  hr  prior  to  use  to  ensure  a  thorough  mixing  of  gases. 
Ethanol  was  obtained  in  vapor  form  by  injecting  a  calculated  quantity  of  liquid 
ethanol  into  the  mixing  chamber  under  vacuum,  through  a  rubber  seal  fixed  on 
top  of  it,  using  a  microsyringe.  The  partial  pressure  of  ethanol  in  the  mixing 
chamber  was  kept  below  its  vapor  pressure  at  room  temperature  so  that  it 
remained  as  vapor.  Table  I  gives  the  composition  of  the  mixtures  used  in  this 
investigation. 


TABLE  I  TEST  GAS  MIXTURE  COMPOSITION 


Mixture  No. 

Mole  fraction 

0 

c2h5oh 

°2 

Ar 

1. 

0.01A3 

0.0857 

0.90 

0.5 

2. 

0.025 

0.075 

0.90 

1.0 

3. 

0.0A0 

0.060 

0.90 

2.0 

From  the  measured  incident  shock  velocities  extrapolated  to  the  end  wall, 
the  reflected  shock  parameters  were  computed  using  one  dimensional  shock  equa¬ 
tions.  All  the  ignition  delay  measurements  were  carried  out  behind  the  reflec¬ 
ted  shock.  The  time  interval  between  the  arrival  of  the  incident  shock  at  the 
end  flange  (detected  by  the  pressure  transducer)  and  the  subsequent  ignition 
indicated  by  the  first  visible  light  emission  (as  detected  by  the  photomulti¬ 
plier  tube  RCA  931-A)  was  reckoned  as  the  ignition  delay. 

EXPERIMENTAL  RESULTS 

Ignition  delays  of  C2Hj0H-02-Ar  mixtures  (Ar=90%)  were  measured  in  the 
temperature  range  1300-1700K  at  pressures  of  1.0  ±  0.2  and  2.0  ±  0.2  atm  and 
equivalence  ratios  of  0.5,  1.0  and  2.0  (0"3.O ^C2H5OH] / [o£]  ) . 

Figures  2  and  3  show  the  variation  of  ignition  delay  with  1/T  for  0-O.5, 
1.0  and  2.0  at  pressures  1.0  ±  0.2  atm  and  2.0  ±  0.2  atm. 

An  ignition  delay  correlation  accounting  for  temperature ,  pressure  and 
composition  is  a  convenient  way  of  expressing  all  the  experimental  data.  For 
the  temperature  and  concentration  ranges  covered  in  this  investigation,  the 
ignition  delay  time  of  C2H^0H-02-Ar  mixture  was  found  to  be  represented  by: 

x  -  1.0xl0_15exp(159.8  kJ/RT)  [c2H5OH]0,1[o^j“0*75  [Ar]"0,25 
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where,  the  concentrations  are  in  mole/cc,  temperature  is  in  Kelvin,  the  activa¬ 
tion  energy  is  in  kJ/mole  and  the  ignition  delay  is  in  seconds. 

A  plot  of  x[C2H50H]”^,^^)^^'^^[Ar]^*2^,  the  correlation  parameter  as  a 
function  of  1/T  is  shown  in  Fig.  4  for  all  the  experimental  data.  Figure  4 
also  shows  the  experimental  data  of  Cooke  et  al.  Qj .  The  apparent  activation 
energy  for  ethanol  oxidation,  reported  by  Cooke  et  al.  QTJ  and  Mullins  and 
Penner  £4]  are  143  and  176  kJ/mole  respectively,  whereas  the  present  investiga¬ 
tion  yields  a  value  of  159.8  kJ/mole. 

ANALYTICAL  INVESTIGATIONS 

Based  on  the  available  reaction  kinetic  studies  of  methanol  jj.,5-10]  and 
acetaldehyde,  QL1,LQ  a  56-step  reaction  mechanism  for  ethanol  oxidation  (in 
the  temperature  range  considered)  is  proposed.  The  oxidation  mechanism  and 
the  forward  rate  coefficients  are  presented  in  Table  II.  The  reactions  listed 
involve  26  species  and  argon.  Essentially,  the  kinetic  model  consists  of  the 
pyrolytic  and  oxidative  reactions  of  C2H5OH,  reactions  forming  and  removing 
the  stable  products  CH3CHO,  CH2O,  H2,  CO,  CO2,  CH4,  C2H4  and  C2H2,  and  reac¬ 
tions  of  the  radical  species  CH3CHOH,  CH3CO,  CH^OH,  CH3,  CUO,  U,  0,  OH,  H02, 
C2H3,  C2H,  CH2  and  CH.  To  avoid  an  excessively  complicated  kinetic  scheme,  the 
initiation  steps  generating  CH2CH2OH  or  CH3CH2O  as  an  alternative  to  CH3CHOH 
and  steps  generating  CH2CHO  as  an  alternative  to  CH3CO  have  not  been  included. 
As  far  as  possible,  data  were  drawn  from  currently  accepted  values  quoted  in 
the  literature.  With  the  exception  of  reactions  (21),  (47)  and  (48),  all  other 
reactions  were  assumed  to  be  in  equilibrium,  their  reverse  rate  coefficients 
being  calculated  from  the  equilibrium  constant  for  each  reaction. 

In  the  high  temperature  range  considered  here,  the  thermal  decomposition 
of  ethanol  [reaction  (l£]  has  been  suggested  as  the  most  likely  initiation 
reaction  £lj.  In  the  proposed  mechanism,  reaction  (1)  was  assumed  to  be  bi- 
molecular.  The  computed  ignition  delay  times  are  found  to  be  strongly  depen¬ 
dent  on  this  reaction  rate.  Computer  runs  made  assuming  this  reaction  as  uni- 
molecular  showed  a  very  high  temperature  inversion. 

As  the  fuel  continues  to  decompose,  the  methyl  and  hydroxymethyl  radicals 
produced  in  the  initiation  phase  slowly  build  up  a  radical  pool.  These  radi¬ 
cal  species,  particularly  H,  0  and  OH,  accelerate  the  destruction  of  fuel 
molecules.  The  second  major  phase  of  the  induction  period  consists  mostly  of 
chain  branching  steps  leading  to  the  consumption  of  the  fuel  and  major  inter¬ 
mediate  species  like  CH3CHO,  CH2O,  CHO,  C2Hg,  C2H4,  C2H2,  CO  and  H2.  The  prin¬ 
cipal  fuel  reactions  are  (2) ,  (3)  and  (4)  with  the  largest  contribution  pro¬ 
vided  by  reaction  (4).  The  computations  show  that  the  rate  of  reaction  (5)  has 
negligible  Impact  on  the  ethanol  disappearance  rate. 

The  CH3CHOH  radical  formed  in  reactions  (2)-(5)  is  assumed  to  react  via 
reactions  (6)  and  (7).  Reaction  (6)  is  highly  significant  in  the  present  mech- 
ansim  and  is  assumed  to  be  bimolecular.  It  provides  an  important  source  for  H 
atoms  and  is  significant  both  in  fuel  rich  and  lean  conditions. 

Stable  intermediates  like  CH3CHO,  CH2O  and  HCO  are  mainly  responsible  for 
degenerate  branching  reactions.  The  acetaldehyde  concentrations  encountered 
in  ethanol  oxidation  is  found  to  be  higher  than  other  intermediates.  In  these 
calculations,  the  largest  contribution  to  the  acetaldehyde  consumption  comes 
from  reaction  (12).  The  acetaldehyde  decomposition  by  reaction  (8)  comes  next 
in  importance.  The  reaction  between  the  methyl  radical  and  formaldehyde 
Ijreaction  (31)1  is  found  to  be  very  significant  in  the  present  system.  Amongst 
th«s  formyl  radical  reactions,  its  rapid  decay  by  reaction  (32)  is  found  to  be 
highly  significant.  Its  reaction  with  molecular  oxygen  also  plays  an  important 
role.  These  reactions  are  largely  responsible  for  CO  production. 
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Computations  show  that  the  oxidation  of  CH3  by  0  atoms  through  reactions 
(16)  and  (17)  is  more  important  than  its  molecular  oxidation  Qreaction  (20)]] . 

A  substantial  fraction  of  the  methyl  radicals  recombine  to  form  ethane  through 
reaction  (21) . 

In  the  present  mechanism  CpHg  removal  is  allowed  only  via  the  overall 
oxidation  process  [reaction  (48)]].  Ethylene  consumption  proceeds  mostly 
through  reaction  (51).  In  addition,  reaction  (49)  is  of  some  importance. 

Vinyl  radicals  decompose  yielding  acetylene  through  reaction  (53) ,  which  also 
provides  an  important  source  of  H  atoms.  Acetylene  reacts  primarily  with  0 
atoms  through  reaction  (54) . 

Reactions  (36)-(46)  form  the  CO-H2-O2  mechanism  which  is  a  central  feature 
of  the  oxidation  mechanisms  of  all  hydrocarbon  fuels.  OH  attack  on  CO  [reac¬ 
tion  (36)]]  is  found  to  be  the  major  path  for  the  production  of  C02« 

ANALYTICAL  RESULTS 


Using  the  law  of  mass  action,  the  law  of  conservation  of  energy  for  con¬ 
stant-volume  adiabatic  combustion  and  the  ideal  gas  equation,  the  values  of 
concentration  of  all  the  species,  temperature  and  pressure  at  various  intervals 
during  the  reaction  were  calculated  by  numerically  integrating  the  system  of 
equations  by  a  variable  stepsize,  fourth-order  Runge-Kutta  method.  Theoretical 
ignition  delays  at  various  temperatures  and  pressures  were  evaluated  from  the 
concentration  profiles,  based  on  the  time  at  which  the  hydroxyl  (OH)  concentra¬ 
tion  reaches  a  value  of  2x10“^  mole/cc.  Cooke  and  Williams  [13]]  have  shown 
that  the  onset  of  ignition  defined  as  a  rise  of  the  main  hydroxyl  emission  peak 
to  5%  of  its  maximum  value,  is  equivalent  to  a  hydroxyl  ground  state  concentra¬ 
tion  of  2xl0-9  mole/cc  in  both  methane  and  ethane  ignition.  From  the  concen¬ 
tration  profiles,  the  times  at  which CH  and  CO2  concentrations  reach  a  value  of 
2xl0_9  mole/cc  individually  were  also  evaluated. 


Figures  5  and  6  show  the  computed  concentration,  pressure,  and  temperature 
profiles  for  the  stoichiometric  C2H50H~C>2-Ar  mixture  at  an  initial  temperature 
of  1500K  and  pressure  of  2.0  atm. 


Figure  7  shows  a  comparison  of  the  computed  values  of  ignition  delay  based 
on  OH  and  CO2  concentrations  with  the  experimental  ignition  delay  data  of  Cooke 
et  al.  £l] ,  which  were  based  on  OH  and  CO2  emissions.  It  is  likely  that  the 
uncertainties  in  the  quoted  rate  coefficients  together  with  the  existence  of 
alternative  reaction  paths,  not  included  in  the  present  mechanism,  are  respon¬ 
sible  for  the  relatively  small  differences  between  computed  and  observed 
results.  The  computed  values  of  ignition  delay  based  on  CH  concentration  were 
much  longer  compared  to  the  experimental  ignition  delay  data  of  Cooke  et  al.  £Q 
which  were  based  on  CH  emission.  This  fact  indicates  that  the  present  mechan¬ 
ism  is  not  yet  complete  with  respect  to  reactions  involving  the  radical  CH. 

The  experimental  ignition  delay  data  of  the  present  investigation  at  2.0 
atm  are  not  in  good  agreement  with  the  computed  data  obtained  using  the  pres¬ 
ent  kinetic  model.  Many  of  the  rate  coefficients  related  to  ethanol  were 
extrapolated  from  low  temperature  data  and  the  acetaldehyde  mechanism  reported 
by  Beeley  et  al.  £ll]  was  used  without  any  modifications.  The  mechanism  needs 
further  modification  before  it  can  be  used  for  higher  pressures  and  tempera¬ 
tures  . 
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TABLE  II  KINETIC  MODEL  FOR  ETHANOL  OXIDATION 


(Temperature  range:  1300-1 700K) 


Reaction 

AH0  298 
(kJ /mole) 

Forward  rate  coefficient 
(cm3mol-1s-1  unless  stated) 
Act.  energies  in  kJ/mole) 

Reference 

1.  C2H5OH+M=CH2OH+CH3+M 

360.1 

3.00E  18exp(-315.92/RT) 

This  work 

2.  C2H50H+0=CH3CH0H+0H 

-53.9 

6.70E  12exp(~6.32/RT) 

14 

3.  C2H5OH+H=CH3CHOH+H2 

-62.2 

4.40E  12exp(-19.12/RT) 

15 

4.  c2h5oh+oh=ch3choh+h2o 

-125.5 

3.00E  13exp(-24.94/RT) 

Estimated 

5.  C2H5OH+CH3-=CH3CHOH+CH4 

-64.7 

3.98E  12exp (-40.57 /RT) 

16 

6.  CH3CHOH+M=CH3CHO+H+M 

131.1 

5.00E  13exp (-91 . 45 /RT) 

Estimated 

7.  ch3choh+o2=ch3cho+ho2 

-65.9 

1.00E  13exp (-23 . 28/RT) 

Estimated 

8.  CH3CHO=CH3+CHO 

355.6 

4.00E  14exp(-335.50/RT)s-1 

17 

9.  ch3cho=ch3cch-h 

359.2 

5.00E  14exp(-367.80/RT)s“1 

18 

10.  ch3cho+o>=ch3ch+oh 

-68.5 

1.00E  13exp(-16. 72/RT) 

11 

11.  ch3cho+h=ch3co+h2 

-76.7 

8.70E  13exp(-28.97/RT) 

11 

12.  ch3cho+oh=ch3co+h2o 

-140.0 

5.25E  13exp(-9.99/RT) 

19 

13.  CH3CO=CH3+CO 

60.3 

2.00E  10exp(-62.70/RT)s-1 

20 

14.  ch2oh+m=ch2o+h+m 

122.7 

2.50E  13exp (-121.34/RT) 

8 

15.  CH20H+02=CH20+02 

-74.4 

1.00E  12exp (-25 . 10/RT) 

7 

16.  CH3+0=CH20+H 

-293.1 

8.00E  13 

21 

17.  CH3+0=CH+H20 

-42.6 

1.00E  14 

22 

18.  CH3+H=CH2+H2 

21.5 

7.24E  14exp (-63.2/RT) 

23 

19.  CH3+0H-CH20+H+H 

134.6 

2.00E  16exp (-114 . 73 /RT) 

21 

20.  CH3+02“CH20+0+H 

205.3 

7.00E  12exp(-107 .20/RT) 

21 

21.  CH3+CH3=C2H6 

-376.0 

2.00E  13 

24 

22.  CH3+CH3=C2H4+H2 

-239.1 

1.00E  16exp (-133 . 60/RT) 

25 

23.  CH2+02-CH0+0H 

-302.2 

1.00E  14exp (-15 .5/RT) 

26 

24.  CH2+02<=C02+H+H 

-342.8 

4.00E  13exp (-9.2/RT) 

27 

25.  CH+O2=CH0+0 

-301.4 

1.00E  13 

28 

26.  CH4+H=CH3+H2 

2.6 

7.24E  14exp (-63. 10/RT) 

29 

27.  CH4-K)H=CH3+H20 

-60.8 

1.50E  06T2-13exp (-10. 20/RT) 

30 

28.  CH20+0"=CH0+0H 

-50.0 

1.82E  13exp (-12 . 90/RT ) 

31 

29.  CH20+H=CH0+H2 

-58.3 

3.30E  14exp (-43. 90/RT) 

31 

30.  ch2o+oh=cho+h2o 

-121.6 

7.60E  12exp (-0.7/RT) 

31 

31.  ch2o+ch3=cho+ch4 

-60.8 

2.20E  13exp(-21.53/RT) 

16 

32.  CHO+M-CO+H+M 

63.9 

1.50E  14exp (-61.40/RT) 

33 

33.  CHO+H=CO+H2 

-372.0 

2.00E  14 

34 

34.  CH0+0H*=C0+H20 

-435.3 

1.00E  14 

35 

35.  CHO4O2»C0+H02 

-133.1 

4.20E  13exp (-30. 90/RT) 

11 

36.  CO4OH=C02+H 

-104.5 

2.32E  12exp(-23.85/RT) 

36 

37.  COfH02«C02+OH 

-264.4 

2.00E  14exp (-96.14/RT) 

37 

38.  H02+H-0H+OH 

-160.0 

2.50E  14exp (-7 .90/RT) 

38 

39.  H02+OH«H20+02 

-302.2 

5.00E  13exp(-4.18/RT) 

39 

40.  HQ2+H02=H202+02 

-177.9 

1.00E  13exp(-4.18/RT) 

39 

41.  H202+M-0H+0H+M 

215.0 

1.26E  17exp (-190.37/RT) 

38 

42.  02+H-0H+0 

70.7 

2.00E  14exp(-70.25/RT) 

38 

43.  H2+0-0H+H 

8.3 

2.20E  14exp(-57 .32/RT) 

40 

44.  H2+0H-H20+H 

-63.3 

2.90E  14exp (-45 . 97/RT) 

41 

45.  0H+OH«=H20+0 

-71.6 

5.50E  13exp (-29.26/RT) 

41 

46.  H+02+M-H02+M 

-197.1 

150E  15exp(+4.18/RT)cm6mor1s_ 

1  38 

47.  C2H6-CH3+CH3 

376.0 

8.00E  12exp(-294.30/RT)s-1 

21 

48.  C2H6+OH“C2H4+H+H20 

73.6 

6.50E  13exp(-5.60/RT) 

42 

49.  C2H4+0-CH3+CH0 

-112.3 

2.26E  13exp (-11.30/RT) 

43 

50.  C2H4+H»C2H3+H2 

9.6 

6.92E  14exp(-60.70/RT) 

44 

51.  C2H4+0H-C2H3+H20 

-53.7 

1.00E  14exp (-14. 60/RT) 

45 

52.  C2H4+0H-CH3+CH20 

-62.2 

3.00E  12 

46 

53.  C2H3+M"C2H2+H+M 

164.8 

1.00E  15exp(-91.50/RT) 

44 

54.  C2H2+0“CH2+C0 

-201.2 

6.30E  13exp (-16.70/RT) 

32 

55.  C2H2+0H-C2H+H20 

24.0 

6.30E  12exp (-29.30/RT) 

32 

56.  C,H+0-CH+CO 

-297.6 

5.00E  13 

47 

High  Temperature  Ignition  of  Ethanol  I  *39 1 

For  computing  equilibrium  constants  most  of  the  thermo chemical  data  were  taken 
from  JANAF  Thermochemical  Tables  [48] .  For  the  species  C2H5OH,  CH3CHOH, 

CH3CO,  CH2OH,  C2H6,  C2H3  and  H202,  the  data  were  taken  from  Ref.  [49J . 
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A  STUDY  ON  THE  HYDROGEN-OXYGEN  DIFFUSION  FLAME  IN  HIGH  SPEED  FLOW 
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Takahashi,  Y.  Yoshizawa,  T.  Minegishi,  the  late  H.  Kawada 


CO 


Mechanical  Engineering  Laboratory,  Ibaraki  prefecture,  Japan 
Dep.  of  Mech.  Engg.,  Tokyo  Institute  of  technology,  Tokyo,  Japan 


A  new  type  of  apparatus  was  adapted  to  the  study  on  the  dif¬ 
fusion  flame  in  high  speed  flow  with  the  use  of  a  shock  tube 
/detonation  tube  combination.  The  flows  behind  the  incident 
shock  wave  propagating  into  02-Ar  mixture  and  the  burned  gas 
behind  the  detonation  wave  traveling  into  a  fuel-rich  H2-O2- 
Ar  mixture  were  used  to  produce  a  fuel  flow  and  an  oxidizer 
flow  respectively.  The  burned  gas  was  issued  through  a  noz¬ 
zle  in  parallel  to  the  oxidizer  flow  and  two-dimensional  flow 
field  was  established  at  the  test  section  of  the  shock  tube. 
The  process  from  the  starting  of  the  flows  to  the  formation 
of  a  diffusion  flame  was  investigated  by  the  pressure  mea¬ 
surements  in  both  tubes  and  by  schlieren  and  interferometric 
photography.  Also  the  ignition  distances  of  the  diffusion 
flames  in  quasi-steady  state  were  measured  from  direct  photo¬ 
graphy.  As  a  result,  a  detonation  tube  was  shown  to  be  a 
useful  device  for  producing  a  high  speed  and  high  tempera¬ 
ture  flow  and  it  was  confirmed  that  the  ignition  distance  is 
greatly  influenced  by  both  velocity  difference  and  hydrogen 
concentration. 

\ 


INTRODUCTION 


\ 


I 


With  the  requirement  for  the  increasingly  faster  flight  of  airplanes,  the  I 

development  of  supersonic  combustion  technology  has  become  one  of  important  sub-  l 

jects  in  combustion  engineering.  Various  methods  of  flame  holding  such  as  bluff 
-body,  recessed  wall,  piloted  flame  and  so  on  have  been  devised  and  developed 
to  stabilize  a  flame  in  high  speed  flow.  Those  methods  are  used  to  hold  a  flame 
raairly  in  a  premixed  gas  flow  and  are  not  necessarily  adequate  for  the  applica¬ 
tion  to  supersonic  combustion.  Recently  the  supersonic  combustion  techniques 
by  a  diffusion  flame  have  received  attention.  The  flow  fields  in  these  combus¬ 
tion  systems  are  considerably  complex  due  to  the  existence  of  a  shock  pattern 
and  a  turbulent  mixing  process .  While  numerous  studies  (1)~(5)  have  been 
conducted  in  this  field,  they  have  not  given  enough  information  to  design  a  com¬ 
bustor  of  a  scramjet  engine.  On  executing  an  experiment  of  such  supersonic  com¬ 
bustion  using  a  steady  flow,  a  huge  experimental  facility  is  needed  because  a 
large  amount  of  high  temperature  air  flow  must  be  supplied.  Moreover,  it  may 
be  difficult  to  vary  the  experimental  conditions  over  a  wide  range  employing  a 
steady  flow  apparatus. 

The  detonation  tube,  as  well  as  the  shock  tube,  is  considered  to  be  a  sim-  i 

pie  and  convenient  device  to  produce  a  high  temperature  gas  flow.  Behind  a 
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steadily  propagating  detonation  wave,  a  uniform  gas  flow  of  high  temperature  is 
formed  and  also  its  physical  conditions  can  be  evaluated  from  the  characteristic 
values  at  Chapman- Jouguet  point.  Moreover,  the  use  of  a  detonation  tube  has  the 
additional  advantage  that  the  starting  time  of  a  flow  can  be  regulated  easily 
with  an  electric  circuit  by  firing  the  detonable  mixture  in  the  detonation  tube. 

In  this  work,  a  new  type  of  apparatus  was  designed  for  the  study  on  the 
diffusion  flame  with  the  use  of  a  shock  tube/detonation  tube  combination.  The 
detonation  tube  served  as  a  generator  of  a  fuel  flow  of  high  temperature  and  the 
shock  tube  acted  as  a  short  duration  wind-tunnel  of  an  oxidizer  flow.  This 
paper  reports  the  structure  of  the  apparatus  and  the  flow  characteristics  in 
both  tubes  and  presents  the  preliminary  results  obtained  by  optically  observing 
the  diffusion  flame. 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  experimental  apparatus  employed  in  this  study  consisted  of  a  shock  tube 
and  a  detonation  tube,  which  were  arranged  in  parallel  to  each  other  and  con¬ 
nected  with  a  bent-tapered  nozzle  at  the  test  section  of  the  shock  tube  as  shown 
in  Fig.l.  The  shock  tube  served  as  a  short  duration  wind-tunnel  and  the  inci¬ 
dent  shock  wave  propagating  into  02(20%)-Ar (80%)  mixture  generated  an  oxidizer 
flow.  The  shock  tube  was  a  conventional  one  with  a  70mra  i.d. ,  3m-long  driver 
section  and  a  43  mm  square,  6  m  long  driven  section.  A  test  section  with  two 
glass  windows  was  installed  at  the  downstream  end  of  the  driven  section  and  was 
connected  to  a  dump-tank  across  a  plate  valve.  A  needle  in  the  driver  section, 
which  was  driven  by  a  solenoid,  was  used  to  synchronize  the  rupture  of  the  dia- 
phragm(l)  with  the  photographing  by  a  high  speed  camera.  On  the  other  hand,  the 
detonation  tube  produced  a  fuel  flow.  The  burned  gas  behind  a  detonation  wave 
propagating  into  a  fuel-rich  H2~02~Ar  mixture  was  issued  through  the  nozzle  in 
parallel  to  the  oxidizer  flow  in  the  shock  tube.  The  detonation  tube  was  a  cir¬ 
cular  pipe  with  32.9  mm  i.d.  and  1.75  m  length.  One  end  of  the  detonation  tube 
was  closed  and  the  other  end  was  connected  to  the  nozzle  across  the  diaphragm(2) . 

An  igniting  plug  was  equipped  on  the  detonation  tube  near  the  diaphragm(2)  and 
a  circular  pipe  with  numerous  holes  was  inserted  into  the  detonation  tube  to 
accelerate  the  transition  from  a  deflagration  wave  to  a  detonation  wave. 

Two  pressure  transducers  were  equipped  on  the  test  section  and  at  the  lo¬ 
cation  of  2.05  r  upstream  from  its  center.  The  former  signal  was  employed  to 
monitor  the  pressure  change  in  the  test  section  and  the  latter  signal  acted  as 
the  signal  source  for  triggering  the  spark  ignitor.  The  timing  of  the  firing 
is  regulated  using  a  delay  circuit  so  that  both  the  oxidizer  flow  and  the  fuel 
flow  may  start  at  almost  the  same  time.  Also,  both  the  signals  were  utilized 
for  the  measurement  of  shock  wave  velocity  which  determines  the  flow  conditions 
of  the  oxidizer  flow.  Another  pressure  transducer  was  equipped  at  the  closed 
end  of  the  detonation  tube,  which  enabled  us  to  ascertain  whether  the  complete 
transition  to  a  detonation  wave  was  established. 


Fig.  1.  Experimental  apparatus 
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The  test  section  is  shown  in  Fig. 2.  The  nozzle,  which  was  curved  down¬ 
ward  from  the  joint  with  the  detonation  tube,  was  introduced  into  the  shock  tube 
along  the  upper  wall  of  the  test  section.  The  cross  section  of  the  nozzle  was 
contracted  to  a  43  mm  x  2  mm  rectangle  at  its  exit  and  a  two-dimensional  paral¬ 
lel  flow  field  was  formed  in  the  test  section. 


Fig.  2.  Test  section  and 
nozzle 


Oxidizer _ _ 


t  ■  — - - ~ 

Lower  Wall  of  Pressure 

rest  Section  Transducer 

Each  run  was  shot  in  the  following  way.  After  the  driver  and  driven  section 
of  the  shock  tube,  the  detonation  tube, and  the  dump-tank  were  evacuated,  pres¬ 
surized  helium,  the  oxidizer  mixture  ,  the  fuel  mixture  and  air  were  introduced 
into  these  tubes  to  the  desired  pressure  respectively.  The  pressure  in  the 
dump- tank  was  kept  at  the  same  level  with  that  in  the  driven  section,  and  the 
plate  valve  is  opened.  The  diaphragm(l)  was  ruptured  by  the  needle  when  the 
framing  speed  of  the  high  speed  camera  has  reached  to  around  5000  pps  and  a 
shock  wave  propagated  into  the  driven  section.  In  the  already  mentioned  way, 
the  mixture  in  the  detonation  tube  was  fired  with  the  igniting  plug.  As  a  result, 
the  diaphragm(2)  ruptures  due  t-  the  pressure  rise  in  the  detonation  tube  and 
the  burned  gas  behind  the  detonation  wave  issued  into  the  test  section  through 
the  nozzle  in  parallel  to  the  oxidizer  flow.  Schlieren,  interferometric  and 
direct  photography  were  employed  to  observe  the  flow  field. 


FLOW  CONDITIONS 

While  the  use  of  a  detonation  tube  has  some  advantages  in  producing  a  high 
temperature  flow,  it  should  be  noted  that  the  fuel  flow  conditions  can  not  be 
chosen  arbitrarily.  The  strength  of  the  mixture  used  to  produce  a  fuel  flow 
must  be  chosen  so  that  the  transition  time  to  a  detonation  wave  becomes  short  com¬ 
pared  with  the  characteristic  time,  which  is  defined  as  the  ratio  of  the  detona¬ 
tion  tube  length  to  the  velocity  of  the  detonation  wave.  This  imposes  a  severe 
restriction  on  the  experimental  conditions  of  the  fuel  flows.  In  addition, 
there  is  a  correlation  between  the  temperature  and  the  velocity,  and  neither  can 
be  varied  independently.  Four  kinds  of  the  mixture (H2:02:Ar«3: 1:2,  3:1:3,  5:2:3 
and  4:1:2)  were  used  and  their  initial  pressure  was  fixed  at  700  Torr.  Under 
these  experimental  conditions,  it  was  confirmed  from  the  pressure  measurements 
that  smooth  transition  to  a  detonation  wave  took  place.  The  flowing  conditions 
of  fuel  were  evaluated  based  on  the  relationship  of  isentropic  flow  and  the 
properties  of  the  mixture  at  the  Chapman- Jouguet  point.  Namely,  the  character¬ 
istic  values  at  the  Chapman- Jouguet  point  were  determined  from  the  composition 
and  the  pressure  of  the  initial  mixture,  and  flowing  conditions  of  the  downstream 
from  the  Chapman- Jouguet  point  were  calculated  under  the  conditions  that  the  flow 
is  isentropic  and  the  sonic  flow  is  established  at  the  nozzle  exit.  On  the  other 
hand,  the  flowing  conditions  of  oxidizer  were  determined  from  the  measurement  of 
the  incident  shock  wave  velocity  in  usual  way. 

The  flowing  conditions  of  the  oxidizer  and  of  the  fuel  at  the  nozzle  exit 
are  listed  in  Table  1.  The  temperature  and  Mach  number  of  the  oxidizer  flow 
were  varied  over  the  range  from  600  K  to  1150  K  and  from  0.89  to  1.23  respec- 
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tively.  The  temperature  and  velocity  of  the  fuel  flow  at  the  nozzle  exit  were  in 
the  narrow  range  from  2140  K  to  2360  K  and  1150  m/s  to  1190  m/s  respectively. 
The  mole  fraction  of  hydrogen  could  be  changed  in  the  relatively  wide  range 
from  0.15  to  0.31. 


Table  1.  Flow  conditions  of  oxidizer  and  fuel 


Run 

NO. 

Flow 

Fuel 

Flow 

* 

** 

Press. 

MPa 

Temp. 

K 

Velocity 

m/s 

Mach 

NO. 

Press. 

MPa 

Temp. 

K 

Velocity 

m/s 

H2 

% 

Parameter 

uuuomi  • 

Parameter 

n 

0.057 

770 

0.31 

2270 

1130 

19. 

6 

0.19 

2.32 

0.062 

Hafii 

680 

- 

ft 

ft 

1/ 

0.25 

1.83 

0.065 

890 

610 

n 

ft 

rt 

ft 

0.30 

1.54 

0.080 

750 

520 

1.03 

" 

ft 

ft 

ft 

0.37 

1.06 

5 

0.071 

600 

400 

0.89 

•t 

ft 

// 

tf 

0.48 

0.98 

6 

0.052 

1070 

720 

1.20 

0.29 

2140 

1050 

16. 

4 

0.19 

2.66 

7 

0.061 

990 

670 

1.17 

// 

// 

ft 

tr 

0 . 22 

2.12 

8 

0.062 

850 

590 

1.10 

'/ 

// 

f / 

O 

0.28 

1.80 

0.078 

740 

510 

1.01 

•t 

// 

// 

•t 

0.35 

1.58 

0.071 

600 

400 

0.89 

// 

ff 

// 

V 

0.45 

1.86 

11 

0.05  7 

940 

650 

1.15 

0.31 

2360 

1150 

15. 

4 

0.28 

1.68 

12 

0.062 

1000 

680 

1.18 

0.29 

2180 

1190 

31. 

1 

0.2/ 

3.39 

*  Velocity  parameter  =(Uf-U0) / (Uf+UG) 

**  Concentration  parameter=(ff  •  X«/Mf )  /  (fQ' Xoj/Mq) 


CHARACTERISTICS  OF  FUEL  AND  OXIDIZER  FLOW 

The  flowing  conditions  listed  in  Table  1  are  valid  under  the  conditions 
that  the  flow  in  the  nozzle  is  steady  and  the  oxidizer  flow  is  not  influenced 
by  the  existence  of  the  fuel  flow.  In  order  to  investigate  whether  these  con¬ 
ditions  were  satisfied,  the  pressure  measurements  were  made  at  the  test  section 
and  at  the  nozzle  prior  to  the  observation  of  diffusion  flame.  In  Fig. 3,  the 
pressure  change  in  the  nozzle(upper  trace)  and  in  the  test  section(lower  trace) 
are  shown.  The  first  rise  on  the  both  traces  represents  the  issue  of  the  burned 
gas  into  the  nozzle  and  the  test  section.  The  pressure  in  the  nozzle,  then, 
gradually  increases  and  reaches  a  certain  level.  The  pressure  at  this  time 
was  0.54  MPa,  which  coincided  well  with  the  evaluated  value.  It  is  considered 
that  the  steady  flow  has  been  established  at  this  time.  This  steady  state  is 
broken  by  the  propagation  of  the  detonation  wave,  which  has  reflected  at  the 
closed  end  of  the  detonation  tube,  into  the  nozzle.  The  time  required  for  the 
establishment  of  the  steady  state  and  the  duration  of  the  steady  state  are  esti¬ 
mated  to  be  0.7  ms  and  1.0  ms  respectively.  On  the  other  hand,  the  pressure  in 
the  test  section  is  kept  constant  for  0.8  ms  after  showing  the  temporary  fluctu¬ 
ation  due  to  the  issue  of  the  burned  gas  as  well  as  the  pressure  in  the  nozzle. 
Then  the  gradual  increase  is  observed  and  followed  by  the  large  jump  due  to  the 
arrival  of  the  reflected  detonation  wave. 

Another  pressure  measurement  in  the  test  section  made  clearer  the  charac¬ 
teristics  of  the  oxidizer  flow.  Three  traces  in  Fig.  4  are  the  signals  of  the 
pressure  transducers  which  were  equipped  on  the  test  section  at  intervals  of 
200  mm.  The  symbols  A,  B,  C  and  D  indicate  the  commencement  of  the  fuel  flow, 
the  incident  shock  wave,  the  compression  wave  and  the  reflected  detonation  wave 
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respectively.  It  was  found  from  these  traces  that  the  steady  flow  of  the  oxi¬ 
dizer  lasted  for  about  0.9  ms  until  it  was  interrupted  by  the  compression  wave 
which  propagated  upstream.  Such  a  compression  wave  was  observed  even  when  Ar 
was  used  for  the  shock  tube  flow  instead  of  02-Ar  mixture.  Therefore,  it  is 
considered  that  the  compression  wave  does  not  result  from  the  interaction  of  the 
fuel  flow  and  the  oxidizer  flow,  but  from  the  characteristics  of  the  shock  tube 
flow.  Although  the  period  in  which  both  of  the  flows  were  steady  was  short  in 
this  work,  earlier  start  of  the  fuel  flow  will  make  the  duration  of  the  steady 
state  longer. 


Fig.  3  Pressure  changes  in  the 
test  section  and  nozzle. 


Fig.  4  Pressure  changes  in  the 
test  section. 


OBSERVATION  OF  FLOW  FIELD 

Figs. 5  and  6  are  typical  schlieren  and  interferometric  photographs  taken 
to  observe  the  flow  field.  The  pressure  change  in  the  test  section  is  also  shown 
in  Fig. 5.  The  figures  under  these  photographs  represent  the  elapsed  time  from 
the  issue  of  the  burned  gas  into  the  test  section  and  the  numbers  on  the  pressure 
trace  correspond  to  those  of  the  photographs.  These  sequential  photographs  cla¬ 
rify  the  flow  pattern  and  the  formation  process  of  the  diffusion  flame.  In  the 
first  photograph  of  Fig. 5,  the  burned  gas  has  been  just  issued  and  the  mixing 
region  has  not  been  formed  yet  over  the  whole  region  of  the  test  section.  The 
photographs  (1)— (3)  show  the  process  from  the  starting  of  the  flows  to  the  esta¬ 
blishment  of  a  steady  flow.  Two  oblique  shock  waves  originate  from  the  upper  and 
lower  tip  of  the  nozzle  exit  with  the  starting  of  the  fuel  flow.  The  former  ref¬ 
lects  at  the  upper  wall  of  the  test  section  and  propagates  across  the  fuel  flow 
into  the  free  stream  of  the  oxidizer  flow.  The  latter  propagates  directly  into 
the  free  stream  of  the  oxidizer.  A  rarefaction  wave  also  originates  from  lower 
tip  of  the  nozzle  exit.  After  reflecting  at  the  upper  wall,  the  rarefaction 
wave  interacts  with  the  oblique  shock  wave  reflected  at  the  upper  wall  in  the 
free  stream  of  the  oxidizer  flow,  which  results  in  a  single  oblique  shock  wave 
in  the  oxidizer  flow.  The  shock  pattern  shows  little  change  in  the  photographs 
(3)-(4) .  This  means  that  a  steady  flow  has  been  established.  After  1.05  ms, 
it  is  observed  that  the  shock  pattern  is  disturbed  from  the  downstream  by  a  com¬ 
pression  wave.  This  compression  wave  corresponds  to  the  one  detected  by  the 
pressure  measurement  in  the  test  section. 

Fig. 6  is  the  interferometric  photograph  of  the  flow  field  in  a  steady 
state.  From  the  narrow  spacing  and  the  large  shift  of  the  fringes  in  the  vicin¬ 
ity  of  the  nozzle  exit,  the  fuel  flow  is  found  to  rapidly  expand  immediately 
after  issued  into  the  test  section.  On  the  contrary,  the  oblique  shock  waves 
bring  about  slight  deceleration  and  temperature  rise  to  the  both  flows.  The 
fringes  are  almost  vertical  in  the  fuel  and  the  oxidizer  flow  except  the  mixing 
region.  Although  the  fringe  shift  of  the  mixing  region  is  large  in  the  neigh- 
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Fig.  7  Schematic  drawing  of  flow  field. 
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borhood  of  the  nozzle  exit,  it  gradually  decreases  as  the  mixing  of  the  fuel 
flow  and  the  oxidizer  flow  proceeds.  These  facts  suggest  that  the  flow  condi¬ 
tions  of  the  fuel  change  rapidly  from  those  calculated  due  to  the  expansion  in 
the  test  section.  It  may  not  be  adequate  to  use  the  flowing  conditions  evalu¬ 
ated  at  the  nozzle  exit  in  discussing  the  properties  of  the  diffusion  flame. 

If  the  experimental  conditions  are  chosen  so  that  the  pressure  at  the  nozzle 
exit  agrees  with  that  of  the  oxidizer  flow,  it  will  be  capable  of  producing  the 
same  flowing  conditions  with  those  calculated.  Fig.  7  is  a  schematic  drawing 
of  the  flow  pattern  which  was  synthesized  from  these  observations. 


OBSERVATION  OF  DIFFUSION  FLAME 


Fig. 8  is  the  direct  photographs  which  show  the  formation  process  of  a  dif¬ 
fusion  flame.  The  figures  under  the  photographs  indicate  the  elapsed  time  from 
the  issue  of  the  burned  gas.  Since  the  fuel  is  issued  before  the  oxidizer  flow 
starts,  the  early  issued  portion  of  the  fuel  almost  reaches  the  opposite  side  of 
the  test  section  as  shown  in  the  first  photograph.  In  the  second  photograph, 
the  whole  mixing  region  is  brightening.  The  emission,  however,  does  not  mean 
the  formation  of  a  diffusion  flame  because  the  fragment  of  the  diaphragm  burns 
with  its  exposure  to  the  surrounding  high  temperature  gas.  As  the  fuel  flow  ap¬ 
proaches  its  steady  state,  the  ignition  point  moves  downstream.  It  then  stays 
at  a  distance  apart  from  the  nozzle  for  a  short  time  and  turns  back  upstream  with 
the  passage  of  the  compression  wave.  In  this  way,  a  steady  diffusion  flame 
appears  to  exist,  though  its  duration  is  short.  Therefore,  the  effect  of  the 
velocity  difference  between  the  fuel  and  oxidizer  flow  and  the  hydrogen  concentra¬ 
tion  on  the  ignition  distance  have  been  investigated  based  on  the  direct  photo¬ 
graphs  of  the  steady  diffusion  flame. 


(1)  0 


(2)  0.20  ms 
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Each  effect  can  be  seen  in  Fig. 9.  Velocity  parameter is  defined  as  (Uf-U0)/ 
(U^+Uq)  and  stands  for  a  measure  of  the  magnitude  of  the  velocity  difference  bet¬ 
ween  the  both  flows.  On  the  other  hand,  concentration  parameter  0  is  defined  as 
(f £• X*i/Mf ) / (fo‘ Xifr/Mo)  and  represents  the  over-all  mole  ratio  of  hydrogen  to  oxy¬ 
gen.  The  change  of  the  velocity  parameter  (/.was  caused  mainly  by  the  oxidizer 
velocity,  because  the  velocity  of  the  fuel  flow  could  not  be  varied  over  a  wide 
range  as  described  above.  Fig. 9  shows  a  general  trend  that  the  ignition  dis¬ 
tances  become  shorter  as  the  velocity  difference  increases.  The  temperature  of 
the  oxidizer  flow  decreases  with  the  increase  of  <^due  to  a  correlation  between 
the  temperature  and  the  velocity  of  the  8 

oxidizer  flow.  Therefore,  it  may  be 
concluded  that  the  velocity  difference 
greatly  influences  the  ignition  distance 
of  the  diffusion  flame.  The  effect  of 
hydrogen  concentration  can  be  seen  by  6 

comparing  the  experimental  points  of  dif-  = 
ferent  hydrogen  concentration.  In  the  range 
of  hydrogen  fraction  from  0.15  to  0.20  | 

hydrogen  concentration  has  little  effect  2  n 
on  the  ignition  distance.  On  the  con-  “ 

trary,  in  the  case  of  the  higher  hydrogen  - 

concentration^.  31) ,  the  outs. _ iding  in-  j* 

crease  of  the  ignition  distance  was  found. 

These  experimental  results  seem  to  sug-  2 

gest  that  the  ignition  distance  increases 
rapidly  when  the  concentration  parameter 
exceeds  2.5. 
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Fig.  9  The  effect  of  velocity  difference 
and  hydrogen  concentration  on  ignition 
distance. 


A  shock  tube/detonation  tube  combination  has  been  adapted  to  the  study  of 
a  diffusion  flame  in  high  speed  flow.  The  process  from  the  starting  of  the 
flows  to  the  formation  of  a  diffusion  flame  was  investigated  by  the  pressure 
measurements  in  both  tubes  and  by  schlieren  and  interferometric  photography. 

Also  the  ignition  distances  in  a  steady  state  were  measured  by  direct  photogra¬ 
phy.  As  a  result,  a  detonation  tube  was  shown  to  be  a  useful  device  for  pro¬ 
ducing  a  high  speed  and  high  temperature  gas  flow  and  it  was  confirmed  that  the 
ignition  distance  is  greatly  influenced  by  both  velocity  difference  and  hydro¬ 
gen  concentration.  The  pressure  difference  between  the  nozzle  exit  and  the  oxi¬ 
dizer  flow  resulted  in  a  more  complex  flow  field.  This  may  be  resolved  by  pro¬ 
perly  selecting  the  initial  pressure  in  both  tubes.  The  improvement  of  the  ap¬ 
paratus  or  the  proper  choice  of  the  experimental  conditions  would  make  pos¬ 
sible  more  detailed  investigation  of  the  diffusion  flame.  Moreover,  modification 
in  the  combination  may  offer  new  possibility  to  the  application  of  a  detonation 
tube  to  the  study  of  high  speed  gasdynamics. 
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Methane-Air  mixture  in  Argon  heat  bath  is 
ignited  by  shock,  reflected  from  the  endwall  of 
shock  tube.  _ 

Using  focused  laser  beams  ( X  =  6 3 3  run)  in  con¬ 
junction  with  a  Mach-Zehnder  Interferometer  the 
time  dependent  density  (index  of  refraction)  in 
the  boundary  layer  (space  resolution  ca.  0.1  mm) 
and  outside  the  boundary  layer  is  observed.  Metha¬ 
ne  absorption  is  measured  with  a  focused  Helium 
Neon  laser  beam  at  3-391  microns.  Surface  tempera¬ 
ture  of  the  endwall  is  measured  by  thin  film  ga¬ 
ges.  '' 

V 

Experiments  are  compared  with  numerical  pre¬ 
diction  based  on  Bowman's  reaction  scheme  inclu¬ 
ding  Zel'dovich  mechanism.  Agreement  between  ex¬ 
perimental  density  profiles  and  numerical  predic¬ 
tion  is  very  good.  Methane  absorption  outside  the 
boundary  layer  agrees  well  with  computation  based 
on  isobaric  combustion.  Measurements  in  the  boun¬ 
dary  layer,  albeit  with  insufficient  space  reso¬ 
lution,  are  in  accord  with  the  predicted  trends. 

1)  Introduction  1 

Combustion  processes  are  strongly  coupled  to  the  dynamics  of 
the  flow  and,  especially  near  a  wall,  to  the  diffusion  and  con¬ 
duction  process.  Since  all  combustion  systems  have  walls  where 
major  contributions  of  pollutants  are  formed,  this  zone  is  of 
special  interest. 

We  report  here  on  an  investigation  of  this  zone  which  con¬ 
sists  of  the  boundary  layer  forming  at  the  endwall  of  a  shock 
tube,  when  an  air-methane  mixture  diluted  by  argon,  is  ignited  by 
the  shock  reflected  from  the  endwall.  While  the  coupling  to  the 
outside  flow  is  rather  weak  in  our  case,  and  one  may  deplore  this 
lack  of  realism  for  the  application,  it  is  this  fact  which  makes 
the  flow  amenable  to  computation  and  to  detailed  experimental  in¬ 
vestigation.  The  computation  taking  into  account  the  time  depen¬ 
dence  of  the  outside  flow  caused  by  sidewall  boundary  layers, 
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and  the  combustion  process  outside  the  boundary  layer,  have  been 
reported  in  {1}.  We  give  here  an  account  of  the  experimental 
work,  results  of  which  have  been  used  for  comparison  in  {l}. 

2)  Density  profiles  and  surface  temperature  at  the  wall. 


The  experiments  were  carried  out  in  a  stainless  steel  shock 
tube  of  round  100- mm  diameter  crosssection  and  a  length  of  10  m. 
The  shock  tube  has  an  insert,  which  serves  as  test  section,  and 
has  a  square  crosssection  of  55x55  mm.  Windows  installed  in  the 
sidewalls  allow  (interferometric)  observation  of  the  flow  near  the 
endwall.  The  tube  is  filled  with  a  mixture  of  methane,  argon, 


oxygen  and  nitrogen  with  the  mole  fractions  X 


CH^ 


=  0.0325,  X, 


0, 


0.162,  X^  =  0.0993  and  Xflri  =  0.7062  to  initial  pressure  of 


Ar 


7  mbar.  Shock  waves  with  Mach  number  of  about  3.2  heat  the  test 
gas  to  about  2000  K  upon  reflection  from  the  endwall. 


Figure  1:  Set-up  fo1-  density 
measurement 


Two  laser  beams  (A  = 
633  nm)  (Figure  1)  are 
used  to  measure  the  index 
of  refraction  i)  in  the 
boundary  layer  at  varying 
distances  from  the  end- 
wall,  ii  )  outside  the  lay¬ 
er  at  a  distance  of  14  mm 
from  the  endwall.  The 
beams  are  passed  through 
a  Mach-Zehnder  Interfero¬ 
meter  where  each  beam  is 
split  in  a  reference  beam 
and  a  beam  traversing  the 
test  section.  The  beam 
outside  the  boundary  lay¬ 
er  has  a  radius  of  about 
1.5  mm.  The  beam  in  the 
boundary  layer  is  focused 
on  the  centerline  of  the 
test  section  to  a  waist 
radius  of  about  0.08  mm 
at  the  e-^  intensity 
point  and  the  beam  radius 
is  practically  constant 
across  the  test  section. 

A  circular  stop  is  placed 
just  outside  the  window, 
which  was  found  to  reduce 
the  effect  of  beam  re¬ 
fraction  in  the  boundary 
layer.  At  the  exit  of  the 
interferometer  the  ref¬ 
erence  beam  and  test  sec¬ 
tion  beam  emerge  superim¬ 
posed  and  their  combined 
intensity  will  vary  ac¬ 
cording  to 

I(t)  =  iocos2(^^-)  (1) 
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from  which  the  phase  6(t)  may  be 
gotten. 

Figure  2  shows  typical  inten¬ 
sity  traces  as  recorded  by  the  pho¬ 
todiodes  for  a  test  with  pure  ar¬ 
gon  and  a  test  with  combustible 
mixture.  The  intensity  trace  out¬ 
side  the  boundary  layer  IR  for  the 
argon  test  shows  the  jurapnin  in¬ 
tensity,  first  across  the  incident 
and  subsequently  across  the  reflec¬ 
ted  shock.  (For  a  discontinous 
change  of  intensity,  for  example 
through  the  shock,  the  change  of 
phase  angle  from  equation  (1)  is 
multivalued  to  k2Tr,  and  the  inte¬ 
ger  k  is  selected  on  the  basis  of 
the  expected  change  of  phase  ang¬ 
le  as  determined  from  the  measured 
shock  speed  using  the  shock  rela¬ 
tion  .  The  intensity  is  seen  to 
change  slowly  after  passage  of  the 
reflected  shock.  This  change  is 
an  increase  in  index  of  refraction 
(or  density)  which  is  due  to  ef¬ 
fects  of  the  sidewall  boundary 
2  reflected  shock, 4  relaxation  layer.  It  is  known  that  the  side- 

wall  boundary  layers  cause  distur¬ 
bances  behind  the  initial  shock,  these  are  amplified  by  the  re¬ 
flected  shock  and  lead  to  an  increase  in  density  {2}. 

The  intensity  trace  in  the  boundary  layer  at  0.6  mm  from 
the  endwall  does  not  resolve  the  incident  and  reflected  shock. 

Due  to  the  increase  of  density  within  the  growing  boundary  layer 
at  the  endwall,  the  intensity  change  behind  the  shock  is  much 
larger;  the  intensity  goes  to  zero  at  about  200  usee  and  to  maxi¬ 
mum  intensity  at  about  700  usee.  The  intensity  trace  for  the  test 
with  combustible  mixture  shows  behind  the  incident  shock  a  relax¬ 
ation  zone  (note  the  difference  in  time  scale)  which  is  due  to 
vibrational  relaxation  of  the  methane  component,  and  behind  the 
reflected  shock  a  relaxation  zone,  which  we  attribute  to  the  vi¬ 
brational  relaxation  of  the  oxygen  component.  The  intensity  is 
not  constant  after  the  vibrational  excitation  is  reached,  but  con¬ 
tinues  to  change  due  to  the  density  increase  caused  by  the  side- 
wall  boundary  layers.  Following  this  change,  there  is  a  rapid  de¬ 
crease  of  intensity  which  is  due  to  the  decrease  of  density  dur¬ 
ing  combustion.  The  time  between  the  reflected  shock  and  onset 
of  the  combustion  is  the  ignition  delay  time.  This  time  can  also 
be  read  off  the  pressure  traces,  of  which  typical  examples  are 
shown  in  Figure  3.  The  upper  trace  is  again  for  a  test  in  pure 
argon;  the  lower  trace  is  for  a  test  with  combustible  mixture, 
and  it  shows  that  the  combustion  process  causes  an  increase  in 
pressure.  This  behavior  is  in  good  agreement  with  characteristics 
computation  of  the  inviscid  flow  outside  the  boundary  layer  {1>. 

The  change  of  index  of  refraction  with  time  (integrated  over 
the  length  of  the  beam  in  the  test  section  L)  is  related  to  the 
change  of  phase  by 


x=K  mm 


x-0.6mm 


x=Kmm 


x=0.6mm 


Figure  2:  Typical  intensity 
traces 

1  incident  shock, 3  combustion 
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n(t,  -  „<o)  =  * 


S(o) 


(2) 


Figure  3:  Typical 
pressure  and  wall 
temperature  histories 

1  incident  shock 

2  reflected  shock 

3  temperature  jump 

4  combustion 

wall  smaller  than 
0.3  mm.  Similarity 
tests  of  the  experi¬ 
mental  argon  data 
and  comparison  with 
the  exact  solution 
indicate  a  spatial 
resolution  of  the 
optical  system  of 
about  0.1  mm . (By 
these  means  misa¬ 
lignments  of  the 
beam  of  less  than 
0.05  mm  could  be 
detected. ) 


Figure  4 

shows  a  compari¬ 
son  of  the  densi¬ 
ty  histories  of 
three  tests  with 
the  numerical 
prediction  {1}. 

In  the  absence 
of  combustion 
there  is  a 
change  of  den¬ 
sity  outside 
the  boundary 


where  A  is  the  observing  wave¬ 
length  . 

From  the  change  of  index  of 
refraction  we  compute  the  density 
change  from 


n(t ) 


Kp  ( t ) 


(3) 


since  the  Gladstone-Dale-Constant 
K  =  IK^p^/p  is  almost  constant, 
even  for  the  burnt  mixture  as  the 
numerical  computation  shows.  Here 
K.  is  the  specific  refractivity 
or  the  i-th  component,  p.  its  par¬ 
tial  density. 

Extensive  tests  were  made  in 
pure  argon,  where  the  boundary  lay¬ 
er  is  selfsimilar  and  an  exact  so¬ 
lution  exists.  The  tests  show, 
that  the  effect  of  refraction  pre¬ 
cludes  measurement  of  density  his¬ 
tories  for  distances  from  the  end- 


Figure  4:  Comparison  of  measured  and  computed 
density  histories 
(Computation  are  based  on  T(t=o)= 
2017  K,  p(t=o)  =  0.52  bar) 
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layer  as  discussed  above.  In  order  to  eliminate  this  effect  the 
density  in  the  boundary  layer  is  referred  to  this  slowly  varying 
density.  In  this  sense,  the  boundary  layer  without  combustion  or 
before  the  combustion  sets  in,  is  a  quasisimilar  boundary  layer 
{1}.  The  tests  at  x  =  0.74  mm  and  x  =  1.00  mm  have  the  same  shock 
velocities  and  therefore  the  same  initial  conditions.  The  numeri¬ 
cal  computations  were  based  on  these  test  conditions.  The  agree¬ 
ment  between  the  prediction  and  the  experiments  is  very  good. 

The  test  with  x  =  0.37  mm  has  a  different  shock  velocity  so  that 
the  experiments  cannot  immediately  be  compared  with  the  above 
mentioned  computations.  However, here  too,  the  experimental  trace 
follows  the  curve  for  frozen  flow  until  the  flame  reaches  the 
measuring  positions  and  caused  a  decrease  of  density.  The  experi¬ 
mental  points  then  approach  the  curve  for  equilibrium  flow. 


Figure  5  shows  the  ignition  delay  time  versus  equilibrium 
temperature  behind  the  shock,  computed  on  the  basis  of  Bowman's 
reaction  mechanism  (3)  including  Zel'dovich  mechanism  (9)  assum¬ 
ing  homogeneous  isobarie  conditions.  Also  shown  are  experimental 
delay  times.  The  triangles  represent  typical  delay  times  taken 
from  the  pressure  near  the  endwall  and  the  squares  are  delay 
times  from  the  density  traces  measured  14  mm  from  the  endwall.  Our 
experimental  results  are  in  good  agreement  with  Skinner ’ s interpo¬ 
lation  formula,  evaluated  for  the  concentrations  of  our  mixture 
{4}.  In  order  to  make  experimental  and  theoretical  delay  times 
agree,  we  have  changed  the  preexponential  factor  in  the  start ^re¬ 
action  CHi,  +  M  ->  CH,  +  H  +  M  from  Bowman's  value  of  1.4  x  101'  to 
4  5  6.7  x  1017. 


V  M 


2200  2100  2000  1900 


Figure  5:  Ignition  delay  time. 


This  value  was  determined  on 
the  basis  of  extensive  charac¬ 
teristic  computation  of  the 
outer  flow  in  which  the  pre¬ 
exponential  factor  was  varied 
to  give  best  agreement  between 
measured  and  computed  pressure. 

Figure  3  also  shows  tem¬ 
perature  traces,  which  repre¬ 
sent  the  surface  temperatures 
of  (thin  film)  heat  gages  moun¬ 
ted  in  the  endwall  of  the  tube. 
The  upper  trace,  for  a  test  in 
pure  argon,  shows  the  jump  in 
temperature  and  the  subsequent 
constant  wall  temperature  asso¬ 
ciated  with  the  similarity  na¬ 


ture  of  this  boundary  layer. 

The  lower  traces  shows  the  temperature  for  a  test  with  combusti¬ 
ble  mixture,  from  which  the  heat  transfer  rate  may  be  computed. 
Alternatively,  one  may  compute  the  temperature  change  at  the  sur¬ 
face  of  the  endwall  from  the  theoretical  heat  transfer,  and  com¬ 
pare  it  immediately  to  the  measured  temperature  distribution,  as 
is  done  in  Figure  6.  The  computations  are  based  on  a  noncatalytic 
wall.  Agreement  during  ignition  delay  time  x.  <  t  is  quite  good, 
but  larger  differences  especially  in  the  sloplof  the  temperature 
curve  are  apparent  for  later  times. 


While  these  differences  may  be  caused  by  catalytic  action  of 
the  endwall,  it  may  also  be  due  to  the  fact  that  Bowman's  react¬ 
ion  mechanism  does  not  correctly  describe  the  reaction  in  the 
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Figure  6:  Wall  temperature  history  (computations  are  based  on 
T(t  =  o )  =  2017  K,  p(t  =  o)  =  0.52  bar) 


cold  portion  of  the  boun¬ 
dary  layer.  Warnatz  (5) 
has  proposed  a  scheme 
which  includes  (^-hydro¬ 
carbon  reactions  and 
which  should  be  better 
suited  for  the  cold  por¬ 
tion  of  the  boundary  lay¬ 
er.  Some  of  his  react¬ 
ions  (Table  1)  were  there¬ 
fore  included  in  our 
numerical  computations. 
There  was  almost  no 
change  in  predicted  heat 
transfer  and  no  change  in 
ignition  delay  time.  The 
most  noteworthy  changes 
occured  in  the  concentra¬ 
tions  near  the  wall. 

These  changes  are  shown  in 
Figure  7,  where  some  con¬ 
centrations  at  the  wall 
are  shown  as  a  function 
of  time. 

3)  Absorption  Measure¬ 
ments. 


Figure  7:  Wall  concentrations  (solid 
line  based  on  Bowman  (3), 
broken  lines  with  inclusion 
of  Warnatz  ractions  (5)) 


Despite  some  differ¬ 
ence  in  heat  transfer 
rates  between  theory  and 
experiment,  the  results 
show,  that  the  overall  be¬ 
haviour  of  the  boundary 
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Reaction  A{cm,Mol,s}  n  E(cal/Mol} 


1 

2 

3 

ch3  +  ch3  5 

C2H6 

C2H5 

c2hJ4 
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+ 

H 

H2 
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.1 

E 

E 

E 

+ 

+ 

+ 

53 

15 

17 
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16 

26 

32 
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3 
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5 
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.3 

E 

+ 

8 

2 

5 
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6 
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39 

-7 

59 
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8 

0 

+ 

HCO 

.2 
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+ 

14 
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9 

OH 
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.7 

E 

+ 

36 

-7 

9 

100  ' 

\ 
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Table  1:  Reaction  scheme  for  higher  hydrocarbons 
Value  for  1  bar) 


0  100  200 


Figure  8:  Intensity  ratio  in  the 

boundary  layer  for  methane 
absorption  (same  condition 
as  Fig.  4) 


layer  is  well  predicted 
by  the  numerical  computa¬ 
tion.  For  more  detailed 
information,  it  is  neces¬ 
sary  to  measure  concen¬ 
trations  in  the  boundary 
layer.  Since  the  3.39  ym 
He-Ne-Laser  line  is  ab¬ 
sorbed  by  gaseous  hydro¬ 
carbons,  especially  me¬ 
thane,  diagnostic  methods, 
using  the  absorption  of 
this  line,  have  found 
application  in  flow  field 
studies  and  kinetics  ex¬ 
periments.  The  use  of  the 
method  in  boundary  layer 
flow  requires  a  narrow 
beam  to  give  sufficient 
spatial  resolution.  At¬ 
tention  must  also  be  paid 
to  problems  of  beam  re¬ 
fraction,  since  here,  one 
is  dealing  with  absorpt¬ 
ion  near  the  center  fre¬ 
quency,  where  the  index 
of  refraction  of  the  ab¬ 
sorbing  species  can  be¬ 
come  quite  large,  and  de¬ 
pends  on  the  line  profile 
and  therefore  on  the 
physical  conditions. 

We  report  here  on 
some  experiments  of  pre¬ 
liminary  nature,  which 
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were  done  to  investigate  the 
feasibility  of  this  technique 
for  boundary  layer  work.  The  ex¬ 
perimental  set-up  for  the  absorp¬ 
tion  measurement  was  similar  to 
the  set-up  in  figure  1  but  with¬ 
out  the  interferometer.  Addition¬ 
al  stops  on  the  detector  side 
and  a  filter  were  used  to  elimin¬ 
ate  signals  from  emission.  The 
beam  was  split  into  two  beams  by 
a  splitter  plate;  one  beam  passed 
the  test  section  and  the 
other  was  used  as  reference  beam 
and  substracted  from  the  test 
beam  in  order  to  reduce  effects 
of  sawtooth-like  intensity  vari¬ 
ation  which  are  particular  to 
the  laser  used.  Since  the  beam 
is  normal  to  the  windows,  the  reflected  beam  entered  the  laser 
and  caused  a  bothersome  modulation  of  the  beam  intensity.  No  spe¬ 
cial  effort  was  made  in  these  tests  to  obtain  high  spatial  reso¬ 
lution,  the  beam  having  a  waist  radius  of  about  0.12  mm  in  the 
center  of  test  section  and  a  radius  of  0.25  mm  at  the  windows.  In 
order  to  get  an  idea  of  what  to  expect  from  these  measurements  we 
have  plotted  in  Figure  8  the  theoretical  intensity  (I-I.,)/(I  -I.) 
as  a  function  of  time  for  various  distances  from  the  wall  for  a1 
typical  test  condition.  1^  is  the  ratio  of  transmitted  to  inci¬ 
dent  intensity  after  filling  the  shock  tube.  (Our  measurement  ga¬ 
ve  a  value  of  1^  =  0.9  at  7  mbar  pressure,  while  the  computed  va¬ 
lue  based  on  the  absorption  coefficient  at  room  temperature  accord¬ 
ing  to  {6}  gave  1^  =  0,895)  I  is  the  ratio  of  intensity  (=1) 
after  combustion  is  completed  and  all  methane  is  consumed.  I  is 
the  intensity  ratio  during  combustion  computed  from  the  boundary 
layer  solution  and  using  the  temperature  fit  to  the  absorption 
coefficients  of  references  {6},  (7>. 


Figure  9:  Intensity  trace  at 
x  =  1 . 3  mm 

1  incident  shock 

2  reflected  shock 

3  combustion 


Figure  10:  Experimental  intensity  histories  for  methane  absorp¬ 
tion  (Theoretical  curve  is  the  history  outside  the 
boundary  layer) 
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As  Figure  8  shows, the  intensity  behaviour  in  the  boundary 
layer  does  not  differ  much  from  the  behaviour  outside  the  bound¬ 
ary  layer  (x=1.3  mm  for  the  time  interval  in  fig.  8)  until  distan¬ 
ces  very  close  to  the  wall  are  reached.  The  intensity  ratio  (I-I^)/ 

(I  -I1 )  can  also  be  formed  from  the  experimental  intensity  traces 
su8h  as  are  shown  in  Figure  9,  where  a  large  change  in  intensity 
can  be  seen  across  the  shock  and  relatively  small  changes  during 
combustion.  In  these  experiments  there  was  no  beam  refraction  no- 
ticable.  In  Figure  10,  we  show  experimental  intensity  histories 
(I-I.)/(I  -I.)  for  various  wall  distances.  The  theoretical  curve, 
basea  on  She  absorption  data  of  ref  {8},  are  the  intensity  histo¬ 
ries  outside  the  boundary  layer,  computed  for  the  physical  condit¬ 
ions  of  the  corresponding  experiment.  This  preliminary  data  did 
not  warrant  the  more  expensive  boundary  layer  computation.  Because 
of  the  poor  resolution  and  still  considerable  uncertainty  of  the 
absorption  coefficient  at  high  temperature,  no  quantitative  com¬ 
parison  is  appropriate;  qualitatively .however,  the  experiments 
bear  out  the  results  of  the  numerical  computations,  namely,  that 
there  is  little  difference  between  the  intensity  curves  in  the 
boundary  layer  and  outside  the  boundary  layer. 

4)  Concluding  remarks. 

Density  measurement  of  high  spatial  and  temporal  resolution 
were  made  in  a  reacting  boundary  layer.  The  measurements  show 
that  the  overall  boundary  layer  behaviour  is  correctly  predicted 
by  Bowman's  reaction  scheme  if  the  start  reaction  is  slightly 
changed  to  give  the  measured  ignition  delay  times.  The  difference 
in  measured  and  computed  surface  temperatures  suggests  catalytic 
action  of  the  wall  rather  than  inapplicability  of  the  reaction 
scheme.  Measurements  of  methane  absorption  are  feasible  and  are 
also  in  accord  with  prediction. 
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Vapor  phase  benzene  diluted  in  argon  has 
been  pyrolyzed  in  a  single  pulse  shock  tube  fitted 
with  an  in-line,  fullport  ball  valve  to  facili¬ 
tate  post  shock  gas  sampling.  The  disappearance 
of  benzene  has  been  shown  to  be  second  order  with 
respect  to  benzene  concentration/s^nd  the  .rate — 
constant  (over  the  temperature  range*  of  1300-2300 
K)  is  best  described  by  — 

k  =  4.0x10*"^  exp  (-19250/T)  mol-^  cm'*  sec-*-. 


Product  analyses  have  shown  the  major  pro¬ 
ducts  to  be  acetylene  and  styrene  with  trace 
amounts  of  diacetylene,  methane,  vinylacetylene 
and  toluene  also  detected.  Gravimetric  analysis 
of  the  solid  residue  has  been  achieved  using  a 
removable  liner  in  the  end  section  of  the  shock 
tube.  Recovery  of  solid  and  gas  species  was 
found  to  be  85-95%  of  the  original  reactant  mass 
with  increasing  temperature  until  c.  1900  K  at 
which  time  the  fractional  soot  yields  remain 
constant  at  0.8  to  2700  K. 


INTRODUCTION 


The  phenomenon  of  soot  formation  has  been  studied  since  the 
early  nineteenth  century.  Recently,  the  production  of  soot  from 
hydrocarbon  combustion  has  become  of  importance  from  both  a 
pollutant  and  a  performance  point  of  view.  When  synthetic  fuels 
are  introduced  in  the  future,  to  augment  or  replace  petroleum 
fuel,  the  soot  formation  problem  will  certainly  worsen  (1).  The 
high  aromatic  content  of  synthetic  fuels  is  responsible  for  this 
increased  soot  formation.  ^  t  ° 

The  pyrolysis  of  aromatic  and  substituted  aromatic  compounds 
has  been  studied  over  a  wide  range  of  temperatures  and  carbon 
atom  concentrations.  Benzene  has  been  studied  frequently,  but 
most  of  the  work  has  been  performed  at  lower  temperatures.  The 
study  of  Scully  and  Davies  (2)  on  the  soot  formation  from  a 
number  of  aromatic  hydrocarbons  indicated  that  the  yield  of  soot 
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appears  to  be  closely  connected  to  the  stability  of  the  aromatic 
ring  and  the  effect  of  substitutions  on  that  stability. 

There  is  significant  evidence  for  suggesting  there  are  two 
chemical  pathways  for  the  production  of  soot  from  benzene.  One 
pathway  at  low  temperatures  (T  <  1400  K)  is  via  biphenyl  as  the 
first  intermediate  (3,4).  There  also  have  been  arguments  that 
biphenyl  is  the  first  major  product  from  the  pyrolysis  of  benzene 
at  higher  temperatures.  Asaba  and  Fujii  studied  benzene  pyro¬ 
lysis  in  a  single  pulse  shock  tube  in  the  temperature  range, 

1400  -  1900  K  and  have  suggested  that  biphenyl  is  an  inter¬ 
mediate,  based  on  optical  absorptions  at  300  nm  and  650  nm  (5) . 
Graham,  et  al.  reported  a  rapid  decrease  in  the  soot  yield  from 
benzene  pyrolysis  above  1700  K.  They  ascribed  this  behavior  to 
a  competition  between  two  pathways  of  benzene  disappearance. 

One,  they  term  "fast"  and  the  other  through  ring  rupture  to 
acetylene,  they  described  as  "slow"  (6). 

EXPERIMENTAL 

Benzene  (Fisher,  Certified  Grade)  was  used  without  any 
further  purification.  Benzene  mixtures  were  made  by  injecting  a 
known  amount  of  liquid  benzene  into  an  evacuated  stainless  steel 
bottle  (500  cc)  and  then  adding  either  nitrogen  (Matheson,  Zero 
Grade)  or  argon  (Matheson,  99.999%)  as  a  diluent.  Mixture  con¬ 
centration  was  determined  by  gas  chromatographic  analysis.  The 
only  impurity  was  toluene  (^0.1%). 

Test  gases  were  heated  by  the  reflected  shock  wave  in  a  5.0 
cm  i.d.  stainless  steel  shock  tube  which  has  been  previously 
described  (7).  A  number  of  modifications  have  been  made.  The 
shock  tube  has  been  fitted  with  an  in-line,  full -port  ball -valve 
to  facilitate  post  shock  gas  sampling  (see  Fig.  1).  The  experi¬ 
mental  section  was  constructed  with  a  removable  aluminum  liner  so 
solid  samples  can  be  collected,  weighed  and  analyzed. 

Batch  gas  samples  were  taken  by  expanding  the  reaction  zone 
mixture  into  a  previously  evacuated  75  cc  stainless  steel  bottle 
equipped  with  a  gas-tight  three-way  valve  fitted  with  a  rubber 
septum  on  one  of  its  ports.  The  contents  were  analyzed  on  a 
Tracor  (Model  560)  gas  chromatograph  equipped  with  dual  flame 
ionization  detectors.  C^-C^  hydrocarbons  were  analyzed  with 

182  cm  x  4  ran  i.d.  glass  columns  packed  with  carbosieve  B. 

For  Cg  and  higher  hydrocarbons,  3%  OV-103  on  Supelocoport 

(Supelco  Inc)  and  for  polycyclic  aromatic  hydrocarbons,  SP  2100 
columns  were  used. 

An  alternate  experimental  section  was  constructed  that  has  a 
removable  aluminum  liner.  This  end  section  has  two  top  plugs  for 
sample  introduction.  Gas  sampling  and  venting  are  done  via  taps 
in  the  end  flange.  The  removable  liner  may  be  used  in  one  of  two 
ways,  that  is, the  entire  liner  may  be  removed  from  the  shock  tube 
and  any  condensed  products  adhering  to  the  inside  surface  may  be 
removed  with  a  suitable  solvent,  or  a  specially  modified  liner, 
cut  into  three  sections,  along  with  a  thick  disk  fitted  against 
the  end  flange,  may  be  tared  and  reweighed  after  the  shock  to 
determine  the  mass  of  solid  product  present.  Qualitative  anal¬ 
yses  were  made  on  the  solid  residue.  The  residue  on  the  liner 
was  extracted  with  cyclohexane  and  samples  were  analyzed  by  gas 
chromatography  and  mass  spectrometry  (Varian  Model  EM  600). 
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The  second  analysis  technique  using  the  removable  liners  has 
proven  to  be  more  successful.  Two  of  the  three  short  cylinders 
and  the  1.2  cm  thick  end  plug  are  very  carefully  weighed  prior  to 
insertion  into  the  shock  tube  on  a  (Mettler,  Model  H)  analytical 
balance.  Numerous  blank  runs  have  indicated  that  the  total 
weight  of  the  three  pieces  may  be  reproducibly  determined  to 
within  +  0.2  mg  of  the  original  mass  after  shock  tube  insertion, 
and  shock  heating  (without  any  reactant  present) .  When  not  in 
use,  the  modified  liner  sections  are  stored  in  a  vacuum  desic¬ 
cator  and  the  interior  of  the  balance  has  containers  of  desic¬ 
cant  present.  Exposure  to  air  is  strictly  minimized  as  most  of 
the  difficulty  with  this  technique  arises  from  water  absorption. 

RESULTS  AND  DISCUSSION 

The  pyrolysis  of  vapor  phase  benzene  was  studied  over  the 
temperature  range  of  1300-2700  K.  The  initial  benzene  concen- 

3 

tration  was  varied  from  0.4  -  1.25  ymole/cm  ,  the  reaction  time 
which  was  corrected  for  the  finite  cooling  rate  was  varied  from 
0.1  -  3.0  msec,  the  total  pressure  at  the  reaction  zone  was 
varied  from  0.4  -  1  MPa.  After  shock  heating,  the  products  and 
any  unreacted  benzene  was  trapped  within  the  reaction  chamber  by 
shutting  an  in-line  ball  valve.  Gas  samples  were  obtained  and 
analyzed  by  gas  chromatography.  By  determining  the  amount  of 
unreacted  benzene  that  was  contained  within  the  reaction  chamber 
the  fractional  decomposition  could  be  determined.  Other  kinetic 
parameters  were  determined  by  measurement  of  the  incident  shock 
velocity  (which  may  be  used  to  calculate  T^  and  P^,  the  reaction 

temperature  and  pressure  respectively)  and  the  transient  pressure 
(which  also  measures  the  reaction  dwell  time) .  The  initial 
benzene  concentration  at  reaction  conditions  was  calculated  from 
the  ideal  gas  law  using  the  calculated  values  of  T^  and  P^  and 

the  measured  molar  concentration  of  benzene  in  test  gas. 

Once  the  unreacted  fraction  of  benzene  has  been  determined, 
it  may  be  used  along  with  the  other  reaction  parameters  to 
calculate  a  disappearance  rate  constant  based  on  an  assumed 
reaction  order.  The  general  form  for  the  integrated  rate 
expression  for  benzene  may  be  written  either  as  (8) 

|C6H6]  1_n  -  [C6H6]  L“n  =  (n-l)knt  n*l  (1) 


or 

ln[ CgHg]  -  ln[C6H6]  =  -kjt,  n  =  1  (2) 


where  n  is  the  reaction  order,  k  is  the  reaction  rate  constant, 
and  the  subscripts  "t"  and  "o"  refer  to  the  time,  t,  or  the 
initial  value,  respectively. 

Global  reaction  order  and  Arrhenius  parameters  for  the 
decomposition  of  benzene  were  determined  based  on  the  measured 
disappearance  of  benzenf  Rate  c  as t ants  were  determined  by 
assuming  reaction  order:  uf  g  the  appropriate  integral  rate 

equations.  The  best  fit  m  thv.  data  was  found  by  assuming  that 
the  reaction  was  second  order  in  benzene  concentration.  The 
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rate  constant  is 

k  =  4.0  x  1014  exp (-160/RT) (cm3  mole'1  sec'1),  (3) 

where  the  energy  of  activation  is  in  kJ/mole.  Reported  values 
for  experimentally  determined  activation  energies  range  from 
125  kJ/mole  (5)  to  321  kJ/mole  (9)  and  reaction  orders  of  1,  3/2, 
and  2.  The  Arrhenius  plot  is  shown  in  Fig.  2,  and  compared  with 
other  reported  values  (see  Fig.  3).  The  results  of  Hou  and 
Palmer  (10)  were  obtained  using  a  flow  reactor.  We  are  in  agree¬ 
ment  with  the  flow  reactor  studies  and  disagree  with  the  two 
shock  tube  studies.  This  difference  may  be  due  to  the  difficulty 
in  determining  the  reaction  temperature  in  shock  tubes.  Asaba 
and  Fujii  note  only  that  they  calculated  the  temperature  in  the 
"ordinary  way"  and  no  information  is  available  on  the  method  used 
by  Mar'Yasin  and  Nabutovskii.  It  is  likely  that  flow  reactor 
studies  have  determined  the  reaction  temperature  more  accurately 
than  is  possible  in  a  shock  tube  study.  We  have  made  a  signi¬ 
ficant  effort  to  insure  as  accurate  temperature  determination  as 
possible  by  measuring  both  the  incident  and  reflected  shock 
velocities.  The  temperature  is  then  calculated  based  on  the 
incident  and  reflected  shock  velocities,  as  suggested  by 
Tschuikow  -  Roux  et  al.  (11) 

Two  major  gas  phase  products  were  detected,  acetylene  and 
styrene,  along  with  a  number  of  other  products  found  in  trace 
amounts.  These  trace  products  were  determined  to  be  methane, 
ethylene,  and  a  compound  that  was  identified  by  a  mass  spec- 

trometric  analysis  to  be  primarily  diacetylene  with  a  smaller 
contribution  from  vinylacetylene.  Quantitative  analysis  was 
possible  only  on  the  two  major  products  observed.  The  yields 
of  acetylene  and  styrene  as  a  function  of  temperature  are  shown 
in  Fig.  4.  The  reaction  time  was  held  relatively  constant  at 
2.0  +  0.5  msec,  the  initial  concentration  of  benzene  was 

—  _3 

1.0  +  0.4  nmole  cm  and  the  total  reaction  pressure  was 
0.7  +  0.1  MPa. 

Acetylene  was  detected  in  all  experiments  that  were  run 
above  about  1400  K,  its  yield  quickly  increased  with  increasing 
temperature  until  a  broad  maximum  (at  20%  by  mass  of  the 
reactant)  at  about  1650  K.  As  the  reaction  temperature  was 
further  increased,  the  yield  of  acetylene  was  observed  to  slowly 
decrease  so  that  at  2300  K  the  acetylene  yield  had  decreased  to 
about  707o  of  the  maximum  yield. 

Also  shown  in  this  figure  are  data  points  under  the  pre¬ 
scribed  conditions  that  correspond  to  the  equilibrium  yield  of 
acetylene  as  calculated  by  Bauer  and  Duff  (12).  The  experi¬ 
mentally  determined  acetylene  yields  agree  quite  closely  with 
these  calculated  thermodynamic  equilibrium  values.  This  is  an 
indication  that  the  acetylene  yields  are  nearly  at  equilibrium 
under  the  conditions  studied. 

The  striking  feature  of  the  yield  of  styrene  is  the  narrow 
temperature  region  for  which  it  is  observed.  No  styrene  was 
detected  in  any  experiments  conducted  above  1750  R.  The  styrene 
behavior  is  suggestive  of  that  of  a  reactive  intermediate  that  is 
produced  early  in  the  reaction  and  then  is  consumed  in  the  for¬ 
mation  of  further  products.  Other  ga'-  phase  products  were 
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detected  but  not  measured  quantitatively,  the  concentrations  were 
always  less  than  17<,  by  weight  of  the  original  amount  of  reactant. 

The  modification  of  the  reaction  chamber  in  our  shock  tube 
permits  us  to  measure  quantitatively  the  amount  of  soot  formed  in 
an  experiment.  The  results  are  also  plotted  in  Fig.  5,  together 
with  an  estimated  material  balance.  The  balance  was  obtained  by 
summing  the  measured  yields  of  soot,  acetylene,  styrene  and  the 
amount  of  remaining  benzene.  Between  85  and  95  percent  of  the 
initial  reactant  may  be  accounted  for  at  all  temperatures. 
Probable  errors  include  neglect  of  any  hydrogen  gas  formed  (may 
represent  up  to  5 7»  of  the  total  mass)  and  the  loss  of  small 
particles  that  remain  in  suspension. 

The  soot  fraction  was  extracted  with  cyclohexane  or  benzene 
and  this  extract  was  analyzed  by  gas  chromatography  and  mass 
spectrometry.  Stable  high  molecular  weight  products  with  molec¬ 
ular  weights  of  178,202,278  and  350  amu  were  detected  by  mass 
spectrometer  analysis  of  an  extract  of  the  soot  residue.  The 
first  two  species  have  been  identified  by  gas  chromatography  as 
phenanthrene  and  pyrene.  Of  particular  interest  is  that  there 
are  large  gaps  between  the  highest  molecular  weights  observed, 
corresponding  to  the  addition  of  fragments  containing  six  carbon 
atoms  to  the  previous  species .  An  important  species  conspicuous 
by  its  absence  is  biphenyl.  It  has  been  observed  as  a  major 
product  in  the  pyrolysis  of  benzene  at  lower  temperatures  (3) , 
but  as  the  temparature  increases  the  yield  of  biphenyl  decreases 
(10). 


Two  sets  of  experiments  were  conducted  to  determine  the 
effect  of  temperature  and  soot  formation.  In  Set  I  the  initial 
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benzene  concentration  was  (8  +  4)  x  10  mole  cm  ,  while  in  Set 
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II  the  concentration  was  (1.1  +0.3)  x  10  mole  cm  .  In  the 
course  of  this  phase  of  experimentation,  the  temperature  was 
varied  from  1400  -  2700  for  each  set  of  reactant  concentrations. 
The  reaction  time  was  fixed  at  2.0  +  0.5  msec.  One-half  hour 
after  the  reactant  was  shock  heated  the  excess  gas  in  the  experi¬ 
mental  section  was  slowly  vented  off  and  the  liner  sections  were 
removed  and  carefully  reweighed.  Soot  mass  was  determined  by  the 
measured  difference  between  initial  and  final  liner  weights.  The 
yield  of  soot  as  a  function  of  temperature  is  shown  in  Fig.  6. 

The  fractional  soot  yield  increases  from  zero  at  1400  K  to  a 
maximum  of  ca.  0.8  at  2000  K  and  higher  temperatures.  Note  that 
there  are  several  data  points  at  temperatures  greater  than  ca. 
2000  K  that  indicate  a  decrease  in  soot  yields  with  increasing 
temperature.  This  effect  has  been  determined  to  be  caused  by  a 
slower  settling  rate  for  soot  formed  at  higher  temperatures. 

Thus  not  all  of  the  soot  produced  at  higher  temperatures  will  be 
collected  on  the  liner  after  a  wait  of  one-half  hour.  Experi¬ 
ments  in  which  the  delay  between  heating  and  sample  collection 
was  extended  to  16  hours  indicate  a  great  increase  in  observed 
soot.  Similar  experiments  at  lower  temperatures  have  demon- 
areated  little  or  no  effect  on  soot  yields. 

Suspended  soot  samples  were  collected  for  transmission 
electron  microscopy  and  it  was  observed  that  the  soot  particles 
were  composed  of  a  large  number  of  spherical  units  forming  long 
chains.  The  individual  spherical  units  were  about  25  nm  in 
diameter  and  measurements  of  the  chains  indicate  a  rather  wide 
range  of  lengths  of  about  0.5  -  10  urn. 
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In  an  effort  to  obtain  information  concerning  the  time  frame 
during  which  the  formation  of  soot  occurs  a  series  of  experiments 
was  conducted  in  which  the  reaction  dwell  time  was  varied  between 
<_  0.1  msec  and  2.5  sec.  Experimental  conditions  were  arranged  so 
that  two  temperatures  (1650  +  50  K  and  1850  +  50  K)  were 
examined.  Initial  benzene  concentrations  were  constant  at 

(0.6  +  0.2)  x  10'^mole  cm“^ . 

The  results  obtained  at  1650  +  50  K  indicate  that  the 
fractional  soot  yields  range  from  a  minimum  of  0.11  +  0.05  at  a 
dwell  time  of  less  than  0.1  msec  to  a  maximum  of  0.5(T  +  0.07 
after  a  dwell  time  of  2.5  msec.  These  data  as  well  as  results 
obtained  for  selected  intermediate  dwell  times  are  shown  in 
Fig.  7. 

Similarly,  Fig.  7  shows  the  fractional  soot  yields  as  a 
function  of  dwell  time  for  a  reaction  temperature  of  1850  +  50  K. 
At  this  temperature  the  fractional  soot  yields  range  from 
0.26  +0.05  at  a  dwell  time  of  less  than  0.1  msec  to  a  maximum  of 
0.59  +  0.08  after  a  dwell  time  of  2.0  msec. 

From  these  results  it  is  evident  that  there  is  significant 
conversion  to  soot  even  at  the  shortest  dwell  times.  It  is 
further  evident  that  the  reactions  leading  to  soot  are  not 
effectively  quenched.  Hence  the  reactions  have  low  activation 
energies.  To  analyze  the  gross  behavior  of  these  soot  formation 
steps,  we  assumed  that  the  formation  of  soot  from  radical  frag¬ 
ments  arising  from  ring  rupture  may  be  considered  as  a  free- 
radical  chain -polymerization.  Using  this  kinetic  model  we  esti¬ 
mate  the  energy  of  activation  to  be  25  kJ/mole  and  the  frequency 
9  9-13-1 

factor  to  be  10  '  mol  cm  sec  .  Both  the  activation  energy 
and  the  frequency  factor  are  typical  of  values  observed  for 
radical-molecule  reactions  (12). 


SUMMARY 

The  overall  rate  of  benzene  disappearance  has  been  deter¬ 
mined  to  be  second  order  with  respect  to  benzene  concentration 

and  the  rate  constant  may  be  best  expressed  as  k  =  4.0  x  10^ 

-1  3  -1 

rxp(-19 , 250/T)  mol  cm  sec  over  the  temperature  range  of 
1300  -  2300  K.  Comparisons  of  this  study  with  other  similar 
studies  have  demonstrated  good  agreement  with  flow  reactor 
studies  but  are  in  poor  agreement  with  two  shock  tube  studies. 

Soot  formation  has  been  studied  by  use  of  a  liner  that  may 
be  removed  from  the  shock  tube  after  each  shock  for  solvent  ex¬ 
traction  of  solid  products  or  for  gravimetric  determination  of 
fractional  soot  yields.  Measurements  of  soot  yields  in  this  way, 
when  coupled  with  gas  phase  analysis, have  resulted  in  an  85-95% 
recovery  of  the  original  reactant  mass  over  the  rather  wide 
temperature  range  studied  (1300  -  2300  K) .  The  good  material 
balance  thus  obtained  lends  credibility  to  the  soot  determination 
technique.  Qualitative  disagreement  is  observed  between  a 
previous  study  in  which  the  fractional  soot  yields  were  deter¬ 
mined  optically  after  2.5  msec  (6)  and  the  present  study.  This 
previous  study  found  a  steady  decrease  in  fractional  yields  with 
increasing  temperature  until  at  2200  K  no  soot  is  observed, 
whereas  in  the  present  study  steadily  increasing  fractional  soot 
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yields  have  been  observed  to  plateau  (at  ca  0.8)  up  to  quite  high 
reaction  temperatures  (e.g.,  2700  K) .  The  observed  differences 
at  high  temperatures  may  be  readily  explained,  however,  since  it 
has  been  demonstrated  here  that  much  of  the  soot  produced  under 
these  conditions  is  formed  during  the  cooling  period. 
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Sample  Collection 
System. 
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Fig.  3.  Comparison  of  Second  Order 
Arrhenius  Plots. 


Fig.  4.  Yields  of  Acetylene  (open 

circles)  and  Styrene  (filled 
circles)  as  a  function  of 
temperature.  Squares  are 
calculated  equilibrium 
acetylene  yields  from  (12). 
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P5  =  0.8  MPa 

T5  =  1650  K  (open  circles) 

T5  =  1850  K  (filled  circles) 


Fig.  6.  Soot  yields  as  a  function 
of  temperature. 
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RATES  AND  MECHANISMS  OF  FORMALDEHYDE  PYROLYSIS  AND  OXIDATION* 
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Pyrolysisf and  oxidation  rates  pf  formaldehyde 
have  been  measured  behind  <^reflected  shock  waves 
for  1200ST , °K£ 2200  and  1.8£p ,  atm$2. 7,  in  mix¬ 
tures  of  CH20/Ar  and  of  CH20/N20/CX)/Ar ,  respec¬ 
tively.  Concentrations  of  CH20  were  monitored 
by  absorption  of  HeXe  laser  radiation  at  3.508um, 

as  well  as  by  CH20  emission  in  the  infrared.  V. _  .  .  , 

Emissions  from  C02,  H20,  and  CO-O  recombination 
radiation  were  monitored  in  the  oxidation  experi¬ 
ments;  CO  emission  was  monitored  during  pyrolysis. 

.0  account  for  pyrolysis  at  late  times,  it  was 
necessary  to  allow  for  direct  reaction  between 
H2  and  CH20.  The  19-step  reaction  mechanism 
describes  our  observed  oxidation  rates  satis¬ 
factorily.  -- 

N 

1.  INTRODUCTION 

Formaldehyde  (CH2O)  is  an  intermediate  in  the  oxidation  of 
methane  and  other  hydrocarbons. 1-4  We  have  previously  studied 
N2O  pyrolysis;5  in  reactions  with  CH20,  N20  serves  as  an  0-atom 
source.  Formaldehyde  and  nitrous  oxide  are  gas-phase  products 
of  the  decomposition  of  solid  propellant  fuels.6’7 

Pyrolysis  of  CH20  has  been  studied  in  the  shock- tube, 8-11 
with  other  thermal  techniques,12”16  and  in  photolysis.17-20 
Formaldehyde  oxidation  has  also  been  studied  in  the  shock- 
tube8'21  and  by  other  methods.22  The  rates  of  elementary  steps 
involving  CH20  or  CHO  have  been  inferred  from  shock-tube  studies 
of  CH4  oxidation ,  3>  23 flow-reactor  studies  of  C2H4  oxida¬ 
tion,25'26  CH3CHO  oxidation,27  CH„  flame  studies,4  and  hydro¬ 
gen28-31  and  carbon  monoxide32-35  oxidation.  The  rate  of  the 
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under  Contract  No.  N00014-79-C-0261  (monitored  by  Lt.  Richard  S. 
Miller).  Details  concerning  our  studies  may  be  found  in  the 
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Diego,  1981. 
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reaction  between  N20  and  H,  which  couples  the  N20  and  CH20 
pyrolyses,  has  been  evaluated.23,36-38  A  recent  study  of  CH4  and 
C2H6  oxidation39  has  yielded  results  that  are  consistent  with 
the  mechanisms  and  rate  constants  determined  in  studies  of  the 
CH20/N20  system.  Several  pertinent  reviews  have  also  been 
published.  40-44 


2.  EXPERIMENTAL  PROCEDURE 


2.1  Determination  of  Initial  CHgO  Concentrations 


The  initial  CH20  concentration  for  each  test  was  calculated 
from  observed  absorption  of  3.508ym  radiation  from  an  HeXe  laser. 
Calibration  experiments  were  performed95  in  a  small  cell  at  300°K 
to  determine  the  off-peak  spectral  absorption  coefficient  for 
an  isolated  line  in  the  CH20  spectrum,  using  the  HeXe  laser  light 
source.  Pure  CH20  was  used  to  define  the  line  strength  (S),  the 
collision-broadened  half-width  for  self-broadening  (b£  F)  per 
unit  pressure,  and  the  displacement  of  the  laser  frequency  from 
the  line  center  (Aw).  Mixtures  of  CH20  with  Ar  and  N20  were 
employed  to  determine  the  collision-broadened  half-widths  for 
Ar  (bb  ^r)  and  N20  (b°  ^  q).  The  observed  spectral  absorption 
coefficients  of  CH20  ai~e2aescribed  by  the  Voigt  profile46 


=  P 


/ 

TT  J 


exsL-n 

-»  a2+( £-y)2 


dy , 


where  P’  =  (S/w  )(mc2 /2TrkT)£ ,  a  =  b  /In2/bn,  b^  =  ( 2kTln2/mc2 )*w  f 
bc  =  bc,FpF^  b|,eAjpAj:..^„b8,Nj0P^20^ ^w/woXmcZ/^kT^,  Aw  =° 


w  -  wQ,  wQis  ure  frequency  at  the  line  center,  w  is  the  frequency 
of  the  laser  radiation,  and  the  other  symbols  have  their  usual 
mean] 

bc.  Ar 
5.64x10 


ing.  We  found45  S  =  0.690  cm” 2-atm-1  ,  b9  p  =  0.578  cm  2-atmr1, 
r  =  0.0419  cm  ^atm” 1 ,  b°  w  n  =  0.106  cm-l-atm-1,  and  Aw  = 
xlO  cm  . 


In  our  shock  tube  experiments,  XpP  i  h  =  -ln(V/V0)/p£  was  mea¬ 
sured  at  known  total  pressure  p;  Xp  denotes  the  CH2O  mole  frac¬ 
tion,  VQ  the  unattenuated  laser  signal  voltage,  V  the  laser 
signal  voltage  attenuated  by  CH20  absorption  in  the  shock  tube 
prior  to  passage  of  the  incident  shock,  £  the  optical  pathlength 
of  the  shock  tube.  It  is  convenient  to  find  X_  from  a  plot  of 
XpP  |  ^  |  vs.  p  for  various  Xp,.45  * 

2.2  Determination  of  CH2O  Concentration-Time  Histories 


Our  shock-tube  facilities  are  described  in  Ref.  47.  After 
passage  of  reflected  shock  waves,  the  CH2O  concentration  was  de¬ 
termined  from  absorption  and  emission  data.  In  absorption,  we 
use  the  relation  Xp  =  -ln(V/Vo ) /P [c  1  P^ •  We  use  the  subscript 
i  to  identify  conditions  immediately  after  passage  of  the  reflec¬ 
ted  shock  wave  when  Xpg  is  the  initial  mole  fraction  of  CH20; 
the  system  is  nearly  isothermal  and  isobaric  until  substantial 
amounts  of  formaldehyde  have  disappeared.  The  CH20  concentration 
history  is  determined  from  Xp/Xp  0  =  [ln(V/V0)/ln(Vi/V0)]  x 

t(Pmp)i/(pmp)J- 

Formaldehyde  emission  measurements  were  performed  at  3.5{jm 
with  FWHM  *  0.039pm.  For  emission,  V  -  B°(w,T)K[l-exp(-P  Xppt)] 

*  B°(w,T)KPwXpp£  for  PwXpp£<<l;  Xp/Xp  q  -  V/Vj  for  an  isothermal 
and  isobaric  system  at  low  optical  def>th. 


Formaldehyde  Pyrolysis  and  Oxidation 


[871| 


2 . 3  Comparison  of  CH20  Concentration-Time  Histories  Derived 

from  Absorption  and  Emission  Measurements 

When  the  CH20  mole-fraction  histories  are  determined  simul¬ 
taneously  from  absorption  and  emission  data,  three  types  of 
results  may  be  observed:  the  two  mole-fraction  curves  coincide 
(case  1)  when  both  measurement  techniques  provide  accurate  con¬ 
centration  determinations;  mole  fractions  derived  from  absorption 
are  higher  (case  2)  when  emission  data  are  accurate  but  absorp¬ 
tion  occurs  by  both  CH20  and  other  species;  the  concentrations 
calculated  from  emission  data  are  higher  (case  3)  when  the  ab¬ 
sorption  data  are  accurate  while  emission  is  observed  from  CH20 
and  other  species.  For  17  tests,  8  were  found  to  behave  as  in 
case  1,  8  (weakly)  as  in  case  3,  and  1  as  in  case  2.  We  conclude 
that  concentrations  of  CH20  should  preferably  be  determined  from 
absorption  data,  although  emission  and  absorption  data  were 
generally  found  to  be  in  acceptable  agreement. 


3.  RESULTS  OF  PYROLYSIS  AND  OXIDATION  EXPERIMENTS 

3.1  Description  of  Observations 

Twenty-four  pyrolysis  experiments  were  performed  on  CH20/Ar 
mixtures  for  1246<T , °K£2021 ,  1 .8£p ,atm<2. 7 ,  with  CH20  mole  frac¬ 
tions  0.022^Xp^0.13;  35  oxidation  experiments  were  performed  on 
CH20/N20/Ar  and  on  CH20/N20/C0/Ar  mixtures  with  1380<T , °K<2123 , 
1.8<p,atm<2.5,  0.009<XF$0.062,  and  0.019<XN2O<0.06 . 

3.2  Qualitative  Observations  Concerning  CH20  Pyrolysis  and 
Oxidation  Rates 


The  temporal  behavior  of  pyrolysis  and  oxidation  rates  at 
low  temperatures  is  summarized  by  Fig.  1.  , 

The  times  to. 95  ,  t0.s  ,  and  to.i  are  defined  as  times  when 
the  remaining  mole  fraction  of  formaldehyde  equals  0.95,  0.5, 
and  0.1  of  the  initial  value,  respectively.  Examination  of  our 
data  shows  that,  for  T<1500°K,  the  initial  rates  of  pyrolysis 
and  oxidation  (as  measured  by  to. 95  )  are  nearly  the  same;  at  later 
times,  pyrolysis  leads  to  more  rapid  decomposition  of  CH20  than 
oxidation.  For  T£1500°K,  the  initial  rates  of  oxidation  are 
somewhat  greater  than  the  rates  of  pyrolysis;  for  t>to.9s  ,  the 
rates  of  pyrolysis  and  oxidation  are  approximately  equal.  Thus, 
the  presence  of  N20  appears  to  decrease  the  "post induct ion"  CH20 
decomposition  rates  for  TS1500°K;  it  does  not  significantly  affect 
the  "postinduction"  CH20  decomposition  rates  for  T21500°K. 

3.3  Shock-Tube  Test  Times 


In  order  to  verify  that  measurements  of  to. 95  ,  to. s,  and 
to.i  are  meaningful,  we  have  calculated  shock-tube  test  times 
according  to  the  procedure  of  Price40  and  Hooker.49  All  of  the 
calculated  test  times  are  more  than  a  factor  of  three  longer  than 
the  test  times  used  by  us. 
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Fig.  1  Schematic  diagram  showing  the  observed  formaldehyde 
concentrations  as  functions  of  time  during  pyrolysis  and  oxi¬ 
dation  at  the  same  pressure  and  low  temperature.  After  (H) 
reaches  a  steady  state  value,  the  rate  of  pyrolysis  is  deter¬ 
mined  by  the  4- step  Rice-Herzfeld  mechanism  and  is  subsequently 
strongly  increased  when  H  production  accelerates  formaldehyde 
decomposition.  Initially,  oxidation  occurs  more  rapidly  than 
pyrolysis  because  of  contributions  from  the  elementary  steps 
involved  in  the  19-step  mechanism.  However,  the  product  hydro¬ 
gen  is  now  less  effective  in  accelerating  formaldehyde  decom¬ 
position  because  it  is  removed  not  only  by  an  overall  reaction 
with  formaldehyde  but  also  by  reaction  with  N2O,  0,  OH,  etc. 

As  the  result,  removal  of  formaldehyde  by  pyrolysis  proceeds 
more  rapidly  than  removal  during  oxidation  at  late  times  for 
low  temperatures  (TSl600°K) .  The  "induction  times"  to  which 
we  refer  during  pyrolysis  correspond  to  the  regime  when  the 
4-step  mechanism  applies. 

4.  COMPARISONS  OF  PREVIOUS  AND  PRESENT  INVESTIGATIONS  ON  CH20 

PYROLYSIS  AND  OXIDATION 

In  the  work  of  Schecker  and  Josta  and  of  Dean  et  al,10  CH20 
concentrations  were  monitored  after  shock  heating  by  emission 
at  3.5pm.  Gay  et  al8  used  a  time-of-f light  mass  spectrometer 
to  determine  the  concentrations  of  CH20  and  other  species. 

The  presence  of  an  "induction  period"  in  CH20  pyrolysis  is 
shown  by  Gay  et  al8  in  their  Fig.  2;  we  have  found  that  the 
temperature  dependences  of  these  times  are  nearly  identical  to 
those  observed  by  us.  The  absolute  values  of  the  "induction 
times"  in  Ref.  8  are  5-7  times  longer  than  ours  for  tests  per¬ 
formed  at  total  pressures  approximately  6-7  times  lower  than 
ours.  Thus,  the  "induction  times"  t^  of  Ref.  8  are  consistent 
with  apparent  "induction  times"  observed  by  us  if  t^-CM)-1,  where 
(M)  represents  the  total  gas  concentration. 

The  presence  of  an  "induction  period"  in  CH2O  pyrolysis  has 
been  reported  also  by  Schecker  and  Jost*  and  by  Dean  et  al.10 
Just50  measured  H-atom  concentrations  by  resonance  absorption 
for  Xp£50ppm;  for  Xp-exlO-1* ,  absorption  was  measured  at  1730A. 
Just1'  noted  that  the  data  of  Dean  et  al10  could  be  modeled  by  the 
mechanism  of  Ref.  11  with  a  slight  change  in  one  rate  constant. 

Gay  et  al8  reported  that  the  presence  of  02  "greatly  acceler¬ 
ated"  the  initial  disappearance  of  CH2O.  This  summary  statement 
is  qualitatively  consistent  with  our  observations  at  elevated 
temperatures. 
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4 . 1  Mechanism  and  Rates  for  CH,0  Pyrolysis 

As  was  noted  in  Section  3.1,  we  observed  slow  initial  CH20 
decomposition  rates,  which  are  well  described  by  the  four-step 
Rice-Herzf eld  mechanism  CH20  +  M  -A-  CHO  +  H  +  M,  CH20  +  H  A- CHO 
+  H2  ,  CHO  +  MA-CO  +  H+  M,  CHO  +  HACO  +  H2  .  Numerical  inte¬ 
grations  (with  the  computer  program  of  Bittker  and  Scullen52 ) 
have  been  performed  for  this  4-step  mechanism  for  our  experi¬ 
ments.  The  calculations  refer  to  constant  enthalpy  and  volume, 
which  correspond  to  conditions  prevailing  behind  the  reflected 
shock  waves.  The  rate  constants  for  the  initial  calculations 
were  taken  from  Dean  et  al.21  The  results  of  the  numerical  inte¬ 
grations  were  used  to  determine  the  times  t0  95  ,  t05  ,  and  t„  x 
(cf.  Sec.  3.2).  Agreement  between  observed  and  calculated  values 
for  t„  95  was  found  to  be  acceptable,  whereas  large  discrepancies 
occurred  for  t0  5  and  t  ,  except  at  the  highest  temperatures 
(T>2000°K).  Thus,  the  4-step  mechanism  is  inadequate  to  describe 
either  our  observations  of  pyrolysis  rates  or  those  of  other 
investigators  who  have  noted  "induction  times".  A  satisfactory 
empirical  fit  to  our  data  is  obtained  if  we  assume  that  pyrolysis 
is  effectively  autocataly tic ,  with  formaldehyde  decomposition 
accelerated  by  the  presence  of  H2  in  such  a  manner  ttmt  the 
following  overall  decomposition  rate  is  observed:  (CO)  =  (fi2) 

=  -(CH20)  =  ka  (CH20)  (H2  )  corresponding  to  a  nearly  thermoneutral 
overall  reaction  with  k(x=2.4xl01 3  exp (-16 ,400/RT)  ;*  the  direct  de¬ 
composition  of  CH20  into  CO  and  H2  on  collision  with  another 
molecule  has  been  proposed  previously,  albeit  with  rate  constants 
having  activation  energies  two1*  to  four50  > 51  times  larger  than 
we  require.  The  value  k2=1.00xl014 exp (-10, 500 /RT)  was  used  be¬ 
cause  it  provided  a  good  fit  to  early  time  data;  this  value  for 
k2  is  about  one-third  of  that  of  Dean  et  al.21  Results  for 
T=1480  and  2000°K  are  shown  in  Fig.  2.  The  observed  good  agree¬ 
ment  is  representative  of  fits  to  measured  pyrolysis  results 
which  we  have  obtained. 

4 . 2  Mechanism  and  Rates  for  CH2O  Oxidation  by  N2O 

Our  observations  on  oxidation  of  CH2O  by  N2O  are  reasonably 
well  accounted  for  by  numerical  calculations  using  the  19-step 
mechanism  of  Dean  et  al.21  We  used  the  rate  constants  of  Dean 
et  al,21  except  for  the  reactions  of  N2O  with  M  and  0  for  which 
we  used  our  rate  constants  from  Ref.  5;  if  we  had  used  the  values 
from  Ref.  21,  no  substantial  changes  would  be  observed.  The 
results  of  computer  calculations  were  also  used  to  determine 
t0.  9s  ,  t#>5  and  t0-1  .  These  values  were  plotted  as  functions 
of  104 /T( °K)  and  compared  with  least-squares  fits  to  our  measured 
values;  agreement  was  generally  observed  to  fall  within  one 
standard  deviation. 

When  the  19-step  mechanism  is  augmented  by  the  overall  pro¬ 
cess  CH20  +  CO  +  2H2  with  k^  derived  from  pyrolysis  measure¬ 

ments  (Sec.  4.1),  agreement  with  observations  becomes  poor  at 
low  temperatures  but  is  good  at  high  temperatures  (see  Fig.  3). 
Addition  of  the  direct  reaction  N20  +  H25*+  N2  +  H20  provides 
minor  improvement.  These  calculations  show  that  the  many  rate 
constants  in  the  19-step  mechanism  have  been  adjusted  to  describe 
the  CH20-N20  oxidation  processes  and  that  the  addition  of  other 
processes  will  require  modifications  in  the  reaction  system  if  it 
is  to  fit  also  for  T-1600°K  and  large  CH20  concentrations. 

*Rate  constants  are  in  cm3/mole-sec. 
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Fig.  2  The  ratios  of  the  logarithm  of  the  observed  to  the 
logarithm  of  the  initial  transmissivity  (in  laser  absorp¬ 
tion)  are  shown  as  functions  of  time  during  pyrolysis  for 
(a)  T5=1480°K,  ps=2.43  atm,  XF  p=0.0393  and(b)  TS=2000°K, 
p 5 =1.91  atm,  Xp  0=0.0308.  The 'lines  are  drawn  through  the 
experimental  data  (a)  for  which  representative  error  bars 
are  indicated.  The  calculated  results  shown  for  the  4-step 
(•)  and  5- step  mechanisms  (®)  have  been  obtained  by  using 
the  measured  temperature  dependence  for  the  spectral  ab¬ 
sorption  coefficient  of  CH20  at  3.508pm. 


Fig.  3  The  ratios  of  the  loga¬ 
rithm  of  the  observed  to  the 
logarithm  of  the  initial  trans¬ 
missivity  averaged  over  many 
tests  (A)  are  shown  as  a  func¬ 
tion  of  time  during  oxidation 
for  T 5=1930°K.  The  calculated 
results  shown  (ps=2.16  atm, 
XFj0=0.0612,  Xn  0  q=0. 0282) 
for  the  19- step  (4)  and  20- step 
(9)  mechanisms  have  been  obtained 
by  using  the  measured  temperature 
dependence  for  the  spectral  ab¬ 
sorption  coefficient  of  CH2O 
at  3.508pm. 


10 
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Pyrolysis  measurements  at  late  times  require  introduction 
of  an  additional  rate  constant,  which  does  not  destroy  agreement 
with  observed  oxidation  rates  for  T£1800°K. 


5.  CONCLUSIONS 

Our  experiments  were  performed  in  the  temperature  range 
1200<T , °K$2200 ,  with  relatively  high  initial  CH20  concentrations. 
We  have  found  that  for  pyrolysis,  with  T$1700°K,  the  4-step  mech¬ 
anism  does  not  account  for  the  observed  CH20-time  histories  while 
the  5-step  mechanism  does.  For  higher  temperatures,  the  dif¬ 
ferences  between  the  4-  and  5-step  mechanisms  become  smaller  and 
probably  fall  within  experimental  error  for  T>1900°K.  For 
initial  CH20  mole  fractions  ~1%,  the  4-step  mechanism  agrees  with 
experimental  observations  for  T~1600°K.  The  work  of  Gay  et  al8 
was  performed  at  temperatures  and  CH20  mole  fractions  similar 
to  ours.  Their  data  (cf.  Fig.  1  of  Ref.  8)  are  also  modeled  by 
the  5-step  mechanism  with  a  revised  value  for  ka. 

For  oxidation  of  CH20  by  N 20  with  T>1600°K,  both  the  19- 
and  20-step  mechanisms  provide  acceptable  agreement  with  experi¬ 
ments.  For  T~1600°K ,  the  19-step  mechanism  is  better  than  the 
20-step  mechanism  but  reevaluation  of  the  rate  constants  or  the 
addition  of  other  elementary  steps  (e.g. ,  steps  involving  the 
HO 2  radical)  might  well  change  this  conclusion.  It  should  be 
noted  that  low- temperature  oxidation  rates  have  not  been  observed 
previously  with  as  high  formaldehyde  concentrations  as  were  used 
by  us. 


Further  work  in  this  field  should  emphasize  direct  measure¬ 
ments  of  reaction  processes  between  formaldehyde  and  hydrogen. 
Definitive  studies  must  involve  time-dependent  measurements  of 
reaction  intermediates  (e.g.,  H2,  OH,  0)  occurring  during 
pyrolysis  and  oxidation.  We  do  not  regard  the  empirically  deter¬ 
mined  direct  reaction  between  CH20  and  H2  as  a  likely  elementary 
step. 
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SHOCK  WAVES  IN  CHEMISTRY  AND  PHYSICS 
A  Brief  Tribute  to  John  N.  Bradley 


John  N.  Bradley,  Professor  of  Chemistry  at  the  University  of  Essex  died  in 
February  1981.  A  shock  tube  enthusiast,  he  would  have  contributed  a  paper  to 
this  meeting  and  it  is  therefore  fitting  that  we  should  pay  tribute  to  his 
memory . 

John  Bradley  was  best  known  for  his  book,  "Shock  Waves  in  Chemistry  and 
Physics",  which  he  wrote  in  the  early  sixties.  It  gave  the  chemist  or  physicist, 
without  a  knowledge  of  fluid  mechanics,  critical  introduction  to  the  theory  and 
practice  of  shock  tubes.  In  particular  the  book  pointed  out  the  possibilities 
and  limitations  of  the  technique  and  as  such  provided  an  excellent  survey,  not 
only  for  practitioners  like  ourselves,  but  also  for  chemists  and  physicists  in 
general.  The  book  was  extremely  influential  because  of  the  time  of  its  appear¬ 
ance  and  it  contributed  substantially  to  the  application  of  shock  techniques  in 
chemistry  and  physics. 

John  Bradley  was  a  graduate  of  the  University  of  Birmingham  where  he  ob¬ 
tained  his  doctorate  for  photochemical  work.  He  then  went  to  work  with  Professor 
George  Kistiakowsky  at  Harvard  where  he  took  up  shock  tube  work  and  participated 
in  the  first  attempts  to  extract  samples  for  mass  spectroscopic  analysis  in  a 
time-resolved  regime. 

He  returned  to  England  to  take  a  position  at  the  University  of  Liverpool 
where,  among  other  things,  he  developed  a  combined  flash-photolysis/shock  tube 
technique.  This  was  not  an  easy  experiment  and  he  was  ahead  of  his  time.  Now 
the  use  of  a  laser  to  produce  photochemical  decomposition  in  a  shock  heated  gas 
vould  circumvent  many  of  the  problems  associated  with  a  broad-band  flash  lamp. 

In  the  middle  sixties  he  became  Professor  and  Head  of  the  Department  of 
Chemistry  at  the  new  University  of  Essex  and  at  that  time  he  was  one  of  the 
youngest  Chairmen  in  the  country.  Chairman  of  a  developing  department  is  more 
than  a  full-time  job  but  his  research  continued  unabated.  In  recent  years  he 
concentrated  on  the  mechanism  of  pyrolysis  of  hydrocarbons  and  on  oxidation, 
studying  these  most  complicated  systems  with  single-pulse  shock  techniques  com¬ 
bined  with  computational  modeling  of  the  multi -react ion  mechanisms.  He  developed 
his  own  sensitivity  analysis  before  it  became  fashionable. 

John  Bradley  was  not  just  a  shock  tube  man:  he  had  wide  ranging  interests 
in  Chemistry,  and  worked  at  various  times  on  photochemistry,  laser  applications, 
and  surface  chemistry. 

John  had  a  full  life  outside  his  profession.  He  was  a  keen  sailor  both  in 
dinghies  and  cruisers  and  he  took  part  in  the  grueling,  demanding,  and  at  times 
dangerous,  'Round- Britain'  race.  He  was  a  keen  squash  player  and  indeed  he  died 
following  a  vigorous  squash  game. 

He  attended  many  of  these  meetings,  and  was  a  member  of  the  Advisory  Com¬ 
mittee  -  had  he  lived  he  would  have  contributed  a  paper  this  afternoon  on 
"Chemically  Enhanced  Shock  Waves  and  Detonations  in  Ethylene  Oxide-Oxygen-Argon 
Mixtures".  It  is  sad  that  he  is  missing  from  our  ranks. 

However,  John  Bradley  was  a  cheerful  friend  of  many  here  and  he  would  not 
have  wanted  me,  in  paying  this  tribute,  to  cast  a  note  of  gloom  over  what  has 
been  a  most  successful  meeting. 

So  I  shall  conclude  by  saying  that  we  who  knew  John  personally  and  those 
of  us  who  knew  him  through  his  book  and  his  work  are  privileged  to  have  been  in 
contact  with  a  vigorous,  able  and  good  colleague.  We  remember  him  with  honour 
and  with  pleasure. 


July  1981 


Peter  Borrell 
Department  of  Chemistry 
Keele  University  ___ 
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